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Agrip

I pessu verkefni er kynntur moguleikinn 4 ad nota malmbylgjuleidara sem grun-
neiningu fyrir ljésras med stillanlegu gegnskini & bylgjulengd sem algeng er i
ljosleidarasamskiptakerfum (A=1550nm). Ljosrasin er samheefd vid hefdbundna
ljosleidara og ljosrasateekni. Bylgjuleidarinn samanstendur af kjarna ar gull-
nanovir sem umlukinn er kadpu ar benzocyclobtutan (BCB) {jollidu, sem valin

er me0 tilliti til pess hvernig ljoseiginleikar fj6llida breytast med hitastigi.

Nanovirarnir eru med ferningslaga pverskurd, med hlidarlengd milli 150 nm og
200nm. I slikum virum méa érva langseeknar rafgaseindir med pvi ad tengja
virinn beint vio hefobundinn ljosleidara. Fernings-samhverfa nanévirsins tryg-
gir ad skautunarhad tap er i lagmarki. Utreikningar voru framkveemdir med
butaadferd til ad meta ahrif 16gunar virs og kapu & sveifluheetti ljésleidarans,
auk pess sem ahrif vidlodunarlags undir gullinu voru kénnud. Besta légun
ljésleidara var fundin, m.t.t. yfirfeerslutaps, utbreioslutaps og skautunarhads
taps. Stillanlegt gegnskin er fengid fram med pvi ad senda rafstraum gegnum
nandvirinn og auka pannig hitastig virsins og efnisins umhverfis hann. Heerra
hitastig leekkar brotstudul fjollidunnar { kdpunni, sem aftur hackkar ttbreids-
lutap vegna bess ad aukinn hluti ljoéssins sleppur fra ljésleidaranum og at i
kdpuna. Ljostapinu mé stjorna nakveemlega med pvi ad stilla rafstrauminn

sem rennur gegnum gullvirinn.

Ljosréasir byggodar & malmbylgjuleidurum voru framleiddar med st6dludum adfer-
Oum i hreinherbergi, p.4.m. ljoslitografiu, rafeindalitografiu og malmhudun i
loftteemi. Synt var fram & virkni rasanna med litlum drifstraum. Résirnar
eru hlutfallslega litlar, hafa hatt myrkvunarhlutfall (>20dB) og svorunartima
néleegt 1 ms, sem gerir baer vel samkeppnisheefar vid adrar gerdir ljosrasa sem

notadar eru { sama tilgangi.






Abstract

In this work we present the possibility of using plasmon waveguides as an
active, variable optical attenuator (VOA) operating at telecom wavelength
(A=1550nm) that can be easily interfaced with existing fiber-optic technol-
ogy and integrated optical circuits. The waveguides consist of a gold nanowire
core embedded in a benzocyclobutene (BCB), a polymer chosen for its thermo-

optic properties.

The nanowires have a symmetric, square cross-section with the sides between
150 nm and 200nm. Long-range surface plasmon polaritons (LRSPP) are ex-
cited in the waveguides by means of end-fire coupling; due to their symmetry,
the waveguides present low polarization-dependent loss (slightly over 1dB).
We performed finite element analysis to evaluate the effect of various cross-
section geometries, thickness and width of the cladding or the presence of an
adhesion layer beneath the Au core. The waveguides were optimized with re-
spect to coupling and propagation loss as well as polarization-dependent loss.
The optical attenuation is achieved by passing an electric current through the
nanowire which raises the temperature of the wire and the surrounding poly-
mer through Joule heating; the temperature increase lowers the refractive index
of the cladding which in turn leads to added propagation loss as part of the
plasmon uncouples into freely propagating light in the cladding. The level of
attenuation can be controlled by the intensity of the current through the gold

wire.

LRSPP waveguide samples were created making use of cleanroom fabrication
techniques such as UV lithography, e-beam lithography and vacuum deposition
of Au through thermal evaporation. The viability of the waveguides as a VOA
driven by a small current was demonstrated. The devices have a small foot-
print, high extinction ratio (>20dB) and switching times in the millisecond
range, all of these make the LRSPP-based device a viable alternative to the

existing competitors.






‘Tt is sometimes said that scientists are unromantic, that
their passion to figure out robs the world of beauty and
mystery. But is it not stirring to understand how the
world actually works [... [? It does no harm to the

romance of the sunset to Know a little bit about it.”

— Carl Sagan
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Introduction

Surface plasmon polaritons (SPP) are strongly bound electromagnetic
waves which propagate along an interface between a metal and a dielec-
tric (I, p. 20); they are distinct from the bulk plasmons which occur, as
the name suggests, in the volume of a metal (also called plasma oscil-
lations) (2, p. 19). SPPs travel along a metal/dielectric interface and
decay exponentially into the two media perpendicular to the direction of
propagation. This property of SPPs to be highly confined to the inter-
face gives rise to high electric field intensities in relatively small volumes
making the plasmon propagation highly sensitive to changes to the in-
terface (defects, surface roughness, molecules adsorbed on the surface,
etc.). Thus SPPs are well suited for various sensing applications, espe-
cially of biological molecules (34). One example is the surface-enhanced
Raman spectroscopy technique (SERS) where nanometer-scale surface
roughness on a metallic film causes high intensity localized electric fields
that, in turn, amplify the signal from molecules on the surface by several
orders of magnitude (5)); the technique is sensitive enough to be used
for detecting single molecules (6). Other sensor techniques make use of
Mach-Zehnder interferometers (7;8) or plasmon waveguides sandwiching

microfluidic channels (9)). Besides the high sensitivity to the surface, the



1. INTRODUCTION

strong confinement of the electric fields allows surface plasmons to oc-
cupy volumes much smaller than the diffraction limit; this property gave
rise to the field of sub-wavelength optics(10; [11]) with applications such
as: enhanced second harmonic generation (I2)) or transmission through

sub-wavelength apertures (13)).

On the other hand, because most of the electric field is concentrated
at the interface between the metal and the dielectric, the SPP will be
strongly attenuated as it propagates due to inelastic scattering on the
electrons of the metal (ohmic loss). A measure of this is the propagation
loss expressed in dB per unit of length, or more intuitively the propaga-
tion length, defined as the distance after which the electric field intensity
associated with the SPP has decreased by a factor of e; for SPP in the
infrared region traveling along a gold or silver interface the propaga-
tion length is typically on the micrometer scale (14, p. 7). One way to

overcome the limitation of the short propagation length (I5)) is to use a

# dielectric

metal

Figure 1.1: Schematic illustration of the electric field lines and charge
distribution for surface plasmons propagating along a single interface
between a dielectric and a metal (left) and a double interface, dielec-
tric/metal/dielectric sandwich (right). The propagation is in the z di-

rection.



structure which presents a double interface: instead of a metal in contact
with a dielectric, a thin metallic film sandwiched between two dielectric
media. If the metallic film is thin enough, comparable or smaller to the
distance the plasmon penetrates into the media (also known as evanes-
cent decay length, discussed later in chapter 2), the SPPs along the two
interfaces can interact with each other and couple to form what is known
as a supermode. This geometry supports a symmetric and antisymmetric
supermode, of which the symmetric one has a propagation length several
times longer than a single-interface plasmon, for this reason it is known
as a long-range surface plasmon polariton (LRSPP) (I, p. 33). The LR-
SPP mode is less confined spacially than a plasmon propagating along
a single interface, hence less of the electric field overlaps with the metal,
resulting in lower attenuation. It should be noted however that one of
the main advantages surface plasmons circuitry and devices have over
existing fiber optic and dielectric waveguide technology is that the high
confinement allows miniaturization of components below the diffraction
limit. Since the main loss mechanism is dampening due to electrons in
the metal, reducing loss by moving the electric field out of the metal will
in result in a less confined mode. For the plasmonic devices presented in
this thesis, minimizing propagation loss is essential, however, it should
be noted that for some applications it might be preferable to trade off
propagation length for a more confined plasmon (I6). It should also
be mentioned that a balance must be struck between reducing propaga-
tion loss and reducing confinement to the point where the plasmon is so
loosely bound that small structural irregularities in the metallic film can
couple it into freely propagating light (this might happen for example if

the metallic film is too thin).
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Types of waveguides

Since a waveguide for LRSPPs consisting of a metallic film between two
layers of dielectric extending each to infinity above and below the film
doesn’t have any confinement laterally, the plasmon traveling along such
a film would simply dissipate sideways. To circumvent this a waveguide
geometry was proposed (I7) where the infinitely-wide metal film was re-
placed by a metallic strip, or slab, of finite width encased all around in
dielectric (see figure 1.2 below). The design calls for a metallic strip of
few tens of nanometers thickness and a width of several microns. This
geometry was later realized experimentally using gold strips encased in
SiO4 (18]). These type of plasmonic waveguides are known as strip waveg-
uwides. We mention that while the waveguide designs we present in this
work use the same dielectric for the top and bottom layers around the
metallic components, this need not be the case. Designs where the metal
rests on top of a polymer and is exposed to air on the other side are pos-
sible; one advantage they offer being that various probes (like the ones
used in scanning near-field optical microscopy techniques discussed later)
are able to get close to the plasmons within the evanescent decay length
to interact with the electric fields perpendicular to the direction of travel.
Another possibility is using two different dielectrics for the top and bot-
tom cladding (19), with different thermo-optical properties for example,

where this might suit a particular application (20]).

The LRSPP supermode supported by these strip waveguides, similarly to
the infinitely wide metallic film, are predominantly TM-polarized, that is
the main component of the electric field is perpendicular to the metallic
film or strip (and the magnetic field is transversal). These modes will
be presented in chapter 2, however we note here that, while referring
to them as TM- or TE-polarized, the modes of these geometries are hy-
brids that can be predominantly one polarization or the other, they are

technically not pure TE or TM modes. As we’ll see later, when using



incoming light to excite surface plasmons, the efficiency of the process
depends greatly on whether the polarizations of the exciting light and
the plasmon mode match; this is a problem for applications where the
polarization state of the incoming light is not known. To circumvent
this, a waveguide with a symmetrical geometry was proposed: instead of
using a metallic strip at the core of the waveguide, a wire with a square
cross-section in the range of a hundred nanometers was suggested (21)).
Such a nanowire waveguide, due to its cross-sectional symmetry, would
support arbitrarily polarized waves (figure 1.2). It is this geometry that

we use in our plasmonic devices.

While not discussed in detail in this thesis, we mention several other
types of surface plasmon waveguides. In the so-called gap plasmons
wavequides, surface plasmons propagate along two metal surfaces sep-
arated by a narrow dielectric gap couple to form a supermode; the elec-
tric field of the plasmons is mostly located in the gap between the metal,
hence it experiences low attenuation (22 23)). A somewhat similar geom-
etry is the channel plasmon waveguides, where the plasmon travels along

a groove ‘cut’ in a metal slab, either covered by dielectric or exposed

&

| * .
"E “E M.y

Figure 1.2: Illustration of the cross-section of a strip waveguide (left)
and a nanowire waveguide with a symmetric core (right). While the strip
waveguide only supports plasmon modes with the electric field perpen-
dicular to the strip, the waveguide with the square cross-section supports

both normal and transverse orientations of the electric field.
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to air; the channel may have straight walls or a v-shape (see figure 1.3)
(24 25} 26). The inverse structure can also support plasmon propaga-
tion, that is instead of a v-shaped channel in the metal, the structure
has a v-shaped metallic ridge with the plasmon traveling along the top
edge (27)), referred to as a wedge plasmon. An advantage of the gap and
channel waveguides is that they strike a good balance between mitigating
propagation losses and maintaining high enough confinement; structures
have been suggested that would allow sharp 90° bends with acceptable
loss for practical applications (28]), previously only accomplished with

photonic crystal waveguides (29)).

There have also been efforts to manufacture such geometries by nanoim-
print lithography (30), which can significantly reduce both costs and
production times (as it is a parallel process, that is several structures
are fabricated simultaneously, as opposed to a sequential process, like

writing the structures line-by-line with a laser or electron beam).

—— S
@ ® © @ ®

Figure 1.3: Schematic depiction of the cross section of various types
of SPP waveguides: a.nanowire waveguide with a square cross-section;
b.dielectric loaded waveguide; c.gap-plasmon waveguide; d.channel plas-

mon waveguide; e.wedge plasmon waveguide.



Exciting surface plasmon polaritons

Having covered the major types of plasmonic waveguides let us now look
at how surface plasmons can be excited. It is possible to induce plasma
oscillations in structures that can support them by using incident elec-
trons or photons. Having electrons tunnel through various metallic films
or junctions has been theorized (3I]) and observed (32} 33) to give rise to
surface plasmons; this technique will not be further detailed here since
the topic of this thesis is using plasmonic waveguides and devices in op-

tical circuits.

The other method of exciting plasmons, by using incident light, can be
broken down into two broad categories: techniques that couple light into
a structure by matching the momentum of the incoming photons to that
of the plasmons, and techniques that match the spatial distribution of
the electric field, the so-called mode profile, of the two.

Figure 1.4 illustrates a typical plot of the plasmon dispersion curve, that
is the the relation of the wavenumber k (which is tied to the momen-
tum) and the frequency of a plasmon propagating at a metal /dielectric
interface; the equations and the way to derive them are presented in the
following chapter. The dashed black line in the figure represents the dis-
persion curve of light in the dielectric (e.g. air), called the light line. It is
clear that at any given frequency the light propagating through free space
has a smaller wavenumber than the plasmon of the same frequency this
means that shining a light on a smooth metallic surface will not excite
surface plasmons (I, p. 42). There are several ways to overcome this
mismatch in momentum; one being the prism coupling method. The
dashed blue line in figure 1.4 shows the light line inside a dielectric with
a higher refractive index than the first one; this light has enough mo-
mentum to excite plasmons along the interface between the metal and

the first dielectric. In practice the set-up consists of a prism (illustrated
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Figure 1.4: Dispersion curve of a SPP at a metal/dielectric interface.
The black dashed line is the dispersion curve for a freely propagating
lightwave in the dielectric; this light cannot couple to the plasmon modes
supported by the interface because it has smaller momentum than the
plasmon. The blue dashed line represents light propagating through a
second dielectric with a larger dielectric constant than the first; this light
has the necessary momentum to excite surface plasmons at the interface
between dielectric 1 and the metal, but not at an interface between itself

and a metal (dispersion curve not pictured)

in figure 1.5) in which the the incident light undergoes total internal re-
flection; the resulting evanescent wave excites surface plasmons on the
air /metal interface of a thin metallic film deposited on the prism surface
(Kretschmann configuration (34))) or a metallic surface separated by an
air gap or dielectric from the face of the prism (Otto configuration (35)))
or in a dielectric/metal/dielectric double interface (36). Another way
of exciting surface plasmons, without adding the bulk and complexity

of a prism, is to couple freely propagating light into the structure using



a grating (37). The periodic structure of the grating adds to the wave
vector parallel to the surface thus allowing light to couple into surface
plsmons while still conserving momentum (1, p. 44). However, not just
periodic gratings may be used for this, the presence of surface roughness
(I4) or metallic nanoparticles on the film (38)) can accomplish similar

results.

For our plasmonic devices we are more interested in the mode match-
ing method. It is also called end-fire coupling because the end facet of
an optical fiber is aligned with the input facet of the waveguide and if
there is sufficient overlap between the fiber mode and the plasmon mode

supported by the waveguide, the electromagnetic wave will efficiently ex-

SPP SPP LRSPP

= " ; ==
evanescent wave

® ® ®
1 I

incident beam

total internal reflection

Figure 1.5: The prism coupling technique for exciting surface plasmons.
The light suffers total internal reflection inside the prism and the resulting
evanescent wave excites surface plasmon polaritons along a single interface
in a.Kretschmann configuration and b.Otto configuration or c.a long-range

surface plasmon polariton supported by a double interface
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\ .
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Figure 1.6: Other techniques for plasmon coupling: a.periodic grating
method; b.scattering from a nanoparticle on a metallic film; c.end-fire

coupling

cite the plasmon mode (39). The main advantage is that the technique
doesn’t require either bulky prisms or gratings or grooves that need to
be designed and included into the structure during fabrication. Devices
using end-fire coupling can easily be interfaced with existing optical fiber
infrastructure without the need for extensive modifications. The end-fire
coupling has a good efficiency which can be further improved by using
an index matched liquid between the fiber and plasmon waveguide facets

to eliminate reflections.

Characterizing surface plasmon polaritons

When imaging SPPs we distinguish between near-field techniques, which
directly probe the evanescent components of the plasmon that penetrate
the surrounding media and far-field techniques which study freely prop-
agating light decoupled from the plasmon mode by defects or emitted by

fluorescent molecules excited by the plasmon and others.

An example of near-field technique is the so-called scanning near-field

optical microscopy (SNOM). A probe consisting of a strongly tapered op-
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tical fiber tip (sometimes also covered with a thin metal film) is brought
in close proximity to the propagating SPP. The probe has to be close
enough to interact with the exponentially decaying component of the
plasmon that is normal to the direction of travel, this means typically
distances in the 100 nm range; this precision and constant distance is
achieved by using a cantilever and feedback system similar to the one
used in atomic force microscopes. This method is useful for directly
imaging the distribution of the electric field of a plasmon mode (I, p.
53).

Some of the far-field techniques include imaging scattered light from
defects or perturbations at the interface (40) or decoupled light at the
output facet of a plasmonic waveguide. Just as surface roughness may be
used to couple freely propagating light into a plasmon-supporting struc-
ture, they may also be used to uncouple weakly bound SPPs resulting
in emitted light which can be collected using conventional microscopy
methods. The scattered light along a plasmon waveguide can be used
to estimate the propagation losses or to work out the dispersion relation
(Il p. 63). Imaging the light emitted from the output facet of a SPP
waveguide can be used to determine the profile to the plasmon mode;

our use of this technique is presented in the attached paper I.

Leakage radiation microscopy is another technique that can be used to
investigate the propagation of SPPs (41). We made use of this method
when characterizing dielectric-loaded surface plasmon polariton waveg-
uides (DLSPPW) we fabricated (presented in chapter 4). A broader
description of the technique and the experimental set-up is featured in

chapter 5, while our results are detailed in paper IV.
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1. INTRODUCTION

Plasmonic waveguide applications

As we mentioned earlier, due to the strongly confined electric fields
and the high sensitivity to the environment (surface defects, adsorbed
molecules, refractive index changes, etc.) that are characteristic to sur-
face plasmons, they have many potential applications as various sensors.
Another large field of applications for SPPs is the use of plasmonic de-
vices in optical circuits. The high confinement of the SPPs allows very
compact components to be fabricated, presenting a tempting alternative
to traditional dielectric-based and fiber optics components which are
diffraction-limited. In the last decade there has been great interest in
overcoming the limitations of SPPs and produce plasmon-based optical

circuits that are competitive with existing telecom technologies (42; [43)).

Based on their function, the components of an optical circuit can be di-
vided into elements which guide the SPPs, such as straight waveguides,
bends, Y-splitters, etc. and elements which modulate the signal or per-
form some simple function, e.g. directional couplers, ring resonators,
variable attenuators, etc. A wide variety of components for directing
surface plasmons, has been demonstrated for single interface plasmons:
focusing lens (44)), Bragg mirror (45)), refractor (46)), guiding and focusing
by nanoparticle arrays (47) and others. Similarly, waveguiding solutions
have been proposed and demonstrated for LRSPPs (straight and bent
waveguides, Y-splitters) (48).

For functional optical circuits, besides waveguiding elements, compo-
nents that can be used to manipulate the signal are also necessary; these
can be divided into active and passive components. Examples of passive
components for LRSPPs include, among others: ring resonators (49),
Mach-Zender interferometers (50) or directional couplers (51)). Among
the active plasmonic devices we mention the use of a pumped gain

medium to overcome propagation losses (52; [53)) and components that

12



rely on thermo-optic effects for inducing a phase change or a cutoff of
the plasmon (205 54)).

One type of active plasmonic component, which is a central topic of this
thesis, is the variable optical attenuator (VOA); this device, as the name
suggests, allows one to control the extinction a signal put through the
device experiences. The working principle of a VOA is illustrated in
figure 1.7; the metallic core of the waveguide is connected to a source
and an electric current is passed through it (in this case the presence
of metallic components is a distinct advantage LRSPP waveguides have
over their traditional, dielectric-based counterparts). The current causes
Joule heating, raising the temperature of the wire and the dielectric sur-
rounding it; this in turn causes the refractive index of the dielectric to

increase or decrease, depending whether the medium’s thermo-optic co-

Figure 1.7: Illustration of plasmon extinction due to resistive heating of
the waveguide core (inspired by (43))
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1. INTRODUCTION

efficient, On/OT, is positive (e.g. glass) or negative (e.g. most polymers)
respectively. Due to the weakly bound nature of the LRSPP mode, this
change in the refractive index causes some of the plasmon to couple into
freely propagating light, thus reducing the transmission or extinguishing
it completely. The degree of attenuation is controlled by the temper-
ature, which in turn depends on the voltage applied to the waveguide
core. Such plasmon-based VOAs have been demonstrated operating at
A=1550nm using gold strips embedded in polymer (55) and on a SiO,
substrate (56]) using the strips themselves as heaters as described above,

and using a separate heater on the top polymer cladding (57).

In the examples listed previously the metal cores of the waveguides were
gold strips 15-20 nm thick and a few microns wide. High attenuations of
20-30 dB were obtained at low operating powers (100mW). One inherent
limitation of strip waveguides, as mentioned earlier, is that they only
support mainly TM-polarized plasmon supermodes. In this thesis we
propose a VOA that works on the same principle but utilizes a nanowire

core instead of a strip, thus supporting, in theory, arbitrarily polarized

Figure 1.8: A schematic representation of the plasmonic VOA using a
nanowire waveguide with a symmetrical square cross-section. The large
rectangles are contact pads for electrodes

14



light which allows easier interfacing with existing fiber optic technolo-
gies. A rendering of the device is presented in figure 1.8. The resistive
heating, heat dissipation and plasmon modes supported by the structure
are modeled using (finite element method) software in order to design
the optimum geometry; the samples are fabricated using cleanroom tech-
niques and characterized using the cutback technique, mode profile imag-
ing and polarization dependent loss measurements. Our VOAs should
match or surpass the previous plasmonic devices in terms of attenuation,
response time, power usage and insertion loss, but also be polarization-

independent and maintain a small footprint.
Following is a summary outline of the chapters of this thesis:

Chapter 2 - Theoretical background

In the second chapter we present the theory behind the LRSPP waveg-
uides. Starting from Maxwell’s equations we derive the Helmholtz equa-
tion which describes a freely propagating electromagnetic wave. Then we
consider the case of an electromagnetic wave inside a metal, the disper-
sion relation and bulk plasmon modes. Next, an electromagnetic wave
bound to the interface between two media is analyzed, concluding that
the interface must be between a metal and a dielectric and that only
TM-polarized waves are supported. The LRSPP is introduced as a hy-
brid mode propagating along a suitably thin dielectric/metal /dielectric
interface. Lastly, interfaces with lateral confinement, strips and wires,

are discussed.

Chapter 3 - Modelling

As the cases of strip and nanowire waveguides can’t be solved analyt-

ically, we resort to numerical methods for modeling our devices. We
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1. INTRODUCTION

present the theoretical underpinnings of the finite element method and
a commercially available software package, COMSOL Multiphysics, that
was used for simulations. Studies of the influence of core asymmetry,
adhesion layer and cladding geometry on insertion loss as well as heat

dissipation in the waveguide are presented.

Chapter 4 - Sample fabrication

In this chapter the methods used to fabricate the samples are discussed.
The cleanroom environment is introduced and standard micro- and nanofab-
rication techniques such as UV lithography, e-beam writing and vacuum
deposition are illustrated. We go through the processing steps needed
to manufacture micron-wide strip waveguides, nanowire waveguides with
electrical contact pads for heating, in addition to describing fabrication

of dielectric-loaded SPP waveguides.

Chapter 5 - Experimental results

We present the results of measurements performed on the manufactured
waveguides. The shape and size of the mode field was measured for the
strip and nanowire waveguides using CCD cameras operating at 1064 nm
and 1550 nm wavelength. Cutback measurements were performed to de-
rive the propagation and coupling loss. Fiber-to-fiber measurements were
made on the heated VOAs and the attenuation as a function of the ap-
plied voltage and polarization dependence were investigated. The DL-

SPPW were studied using leakage radiation microscopy techniques.
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Chapter 6 - Conclusions

Lastly, some concluding remarks and future prospects are outlined.
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Theoretical background

In this chapter we look at the theoretical tools needed to characterize the
basic properties of surface plasmons. It was briefly mentioned in the in-
troductory chapter that surface plasmon polaritons are electromagnetic
waves strongly bound to, and propagating along, a metal-dielectric in-
terface. However, before we tackle this problem, we look at how a metal
interacts with electromagnetic radiation at different wavelengths. This
interaction is described by the complex dielectric function € (w). In order
to derive its expression we use a simplified model of a metal, the Drude
model. While this model doesn’t account for many properties of real
metals (e.g. the electronic band structure) it does describe the inter-
action between electromagnetic waves and metals accurately enough for
our purpose. We then look at the properties of waves propagating along
a metal-dielectric interface as well as a double interface of a thin metal
layer sandwiched between two semi-infinite dielectrics. In the latter case,
when the metallic layer is thin enough for the two plasmons to interact,

it can support long-range surface plasmon polaritons (LRSPP).
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2. THEORETICAL BACKGROUND

2.1 Maxwell equations

In order to characterize a freely propagating electromagnetic wave we
start off with Maxwell’s equations. At any given time, the state of an

electromagnetic medium can be described by four quantities:
1. the number of electric charges per volume p

2. the number of electric dipoles per volume, called the polarization
P

3. the number of magnetic dipoles per volume, called the magnetiza-
tion M

4. the electric current per unit area, called the current density J

The Maxwell’s equations describe how these physical quantities relate to

each other: )

VE=-—-vP+ 2 (2.1)

€0 €0
VH = -VM (2.2)

oH oM

VX E =~ — pog, (2.3)

OE oP
VXH—EOE‘FEQE‘FJ (24)

We now proceed to derive the Helmholtz equation that describes a prop-
agating electromagnetic wave. We introduce the electric displacement D

and the magnetic induction B defined by:

D=¢E+P (2.5)
1

H=—B-M (2.6)
Ho
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2.1 Maxwell equations

The constant €y is the electric permittivity of vacuum and pg is the
magnetic permeability of vacuum. By definition pg = 47 x 10~7[H/m].
The value of ¢y must be determined through measurement. It is around

€0 = 8.854 x 107'2[F /m]|. In isotropic and non-magnetic media we have:

D =¢E (2.7)

B=uH (2.8)

€ and y are the medium’s electric permittivity and magnetic permeability,

respectively. They are related to €y and pg thus:

e=¢€0 = (14 xe) €0 (2.9)

p= prpto = (14 Xm) Ho (2.10)

The quantities €, and u, are the relative permittivity and permeability
of the medium and y,. and x,, are called the electric and magnetic sus-

ceptibility of the medium. In light of the above, Maxwell’s equations can

be written:
VD =p (2.11)
VB =0 (2.12)
0B
E=_-"" 2.1
V x 5 (2.13)
VxH:aa[t)%—J (2.14)

Now we consider an electromagnetic wave in free space p = 0 and ap-
ply the following vector identity which will allow us to arrive at the

Helmholtz equation:

VxVxA=V(VA)-VA (2.15)
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2. THEORETICAL BACKGROUND

Where V? is the Laplace operator and V? = 86722 + %22 + 59722 We apply
the identity 2.15 to equation 2.13:

V x (—%E’) =V (VE) - V°E (2.16)

Considering eq. 2.8 and eq. 2.15, as well as the interchangeability of the

time derivative and the curl operator, we may write:

%) OE
Ho <J - m) = -V’E (2.17)

Ohm’s law gives us:
J=0E (2.18)
Where o is the conductivity. Inserting the expression for J from Ohm’s
law in eq. 2.17, we get:
po—— 4 pie—— = —V°E (2.19)

If we consider E to be a plane wave:

E = Ege ! (2.20)
OE
0’E
o7 = —W’E (2.22)
then we arrive to:
V2E — juw? <e + ‘”) E=0 (2.23)
w

Equation 2.23 is the Helmholtz equation. We can define the complex
permittivity é:

€ = — 2.24
5 €+w ( )
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2.2 Electromagnetic fields in metals

Next we take a look at the expression of the conductivity o inside a

metallic medium.

2.2 Electromagnetic fields in metals

Having addressed the problem of an electromagnetic wave propagating
in free space, let us now consider one inside a metallic medium. The
simplest model of a metal is the Drude model, named after German
physicist Paul Drude (1863-1906). He proposed that, in a metal, the
atomic nuclei and the core electrons that are attached to them are fixed,
whereas the valence electrons are free to wander around almost like a
free electron "gas" on the backdrop of the immobile ions. While this
gross approximation of the complicated structure of a metal may seem
a bit naive, the model does account for the DC and AC conductivity of
metals, the Hall effect and magnetoresistance and thermal conductivity
due to electrons. Below is a list of the relevant assumptions of the Drude

model:

1. Other than the collisions, the interaction between electrons and
other electrons as well as the interaction between electrons and
the fixed ions is negligible. These are known as the independent
electron approximation and the free electron approximation, re-

spectively.
2. The collisions of the electrons are instantaneous
3. The average time between two collisions, called mean free time, is

7. The probability of an electron collision in the time interval dt
is dt/T.
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2. THEORETICAL BACKGROUND

The equation of motion for an electron in the presence of an external

field E is:

9’r mor
oz T
where m is the mass of an electron and r is the coordinate of the electron.
If the driving field has a form of E =, then the displacement of the

electron will also follow r = .

m —eE (2.25)

—mw?r — Y = B (2.26)
T

er
r=——>——E 2.27
m (w?T + iw) ( )
The contribution of the displaced electrons to the polarization P is given
by:

P = —ner (2.28)

where n is the number of electrons per unit of volume. Inserting Eq.
2.27 in Eq 2.28 and further in Eq 2.7, we have:

2
p-_ C/m g (2.29)
w? 4+ iw/T

ne? /meg
D= 1-————F—F|E 2.30
60( w? —l—iw/7'> ( )

The term ne?/meg is called the plasma frequency:

77,62

- 2.31
Wp meg ( )

From Eq 2.30 we also have the complex relative permittivity: €, = €/eg:

w?

G=1—- "L — 2.32
" w? 4+ iw/T ( )
We can separate the complex relative permittivity into its real and imag-
inary parts €, = e, + €/:
2.2
/ wWpT
€ =1——F—-—— 2.33
" 1+ w272 (2.33)
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2.2 Electromagnetic fields in metals

w2T

" p
=—r— 2.34
T (1 +wir) (2:34)
Furthermore, the complex refractive index can be defined as n = /€.,

with its real and imaginary parts n =n + ik

1/2
(e;ﬂQ + e;f2> +e,

2
= 2.35
n y (239
1/2
, (e}Q + 6;{2) — €
K = 5 (2.36)

The imaginary part x represents the attenuation due to losses in a mate-
rial. An electromagnetic wave with an initial intensity of Iy, propagating
through a material with absorption coefficient o will have the intensity I
after penetrating a distance d into the material. This is known as Beer’s
law.

I = Ipe % (2.37)

2%k
a= T“’ (2.38)

Before we move on, let us take a look at the expression of the complex
dielectric function for different values of w. In the optical regime we have
wT >> 1 which leads to:

2

“p
€, = 1— E (239)

The plasmon frequency w), is the limit at which a Drude metal becomes
transparent. If w < wy, the electromagnetic radiation cannot propa-
gate through the metal and is reflected. On the other hand, if w > w,
metal will allow passage of the electromagnetic radiation. As pointed
out earlier, the Drude model is not suitable for describing high-frequency
regimes in real metals as it fails to account for interband electron tran-

sitions.
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2. THEORETICAL BACKGROUND

2.3 A metal-dielectric interface

We will now look at an electromagnetic wave propagating at the interface
between a metal and a dielectric. These waves, coupled to the collective
oscillations of the conduction electrons of the metal, give rise to so called
surface plasmons. These plasmons, as opposed to bulk plasmons (collec-
tive electron oscillations in the volume of a metal), propagate along the
interface and are strongly bound to it, decaying exponentially into the

two media.

We consider the zero of the z axis to be at the interface. At this point

Figure 2.1: Schematic representation of a surface plasmon polariton
propagating at the interface between two media characterized by ¢; and
€2; the two media extend to infinity in both direction of the z-axis
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2.3 A metal-dielectric interface

we do not make any assumptions about the nature of the two media,
whether they are metallic or dielectric. Medium 1 extends to infinity in
the positive direction on the z axis and is characterized by €;; medium
two extends towards the negative direction of the z axis and is charac-
terized by €9. Let us consider a propagating wave along the interface
in the z direction: E (r,t) = E (z)eiﬁm_i“’t, where (3 is the propagation

constant. If we insert this in the Helmholtz equation, it yields:

O’E N
ﬁﬂwue—ﬁ)E:o (2.40)
Considering a harmonic time-dependence e~™* Eq. 2.13 and Eq. 2.14
become:
V x E =iwB (2.41)
V x B = —iwuéek (2.42)

This can be explicitly written:

1 1 1 B,
% a% % =iw | B, (2.43)
E, E, E. B,
1 1 1 B,
% d@y % = —iwué By (244)
E, E, E,. B,
OE, O0E, .
- Y _ ;B 2.45
dy 0z Rt ( )
oEF, OFE, .
_ = iwB 2.46
0z ox 1Why ( )
oE, O0FE, .
_ — jwB 2.47
ox oy o ( )
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2. THEORETICAL BACKGROUND

0B. 0B,

0B, 0B, Co
09z oz iwueky
0B 0B
8—; - 8; = —iwpel,
But since 8% — 0 and 8% — 13, we have:
OE )
8—; = —iwB,
oFE
a; —iBE, = iwB,
iBE, = iwhB,
0B
a—zy = iwuel,
0B
8; —i3B, = —iwuek,

1BB, = —iwuékE,

(2.48)

(2.49)

(2.50)

(2.51)

(2.52)

(2.53)

(2.54)

(2.55)

(2.56)

We find in literature that these equations allow for two solutions which

represent two different polarizations: transverse magnetic (TM) with

E.,E., By # 0 and transverse electric (TE) with B, B;, E, # 0.

So for TM we have:
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2.3 A metal-dielectric interface

1 0B,

E,=—i——= 2.57
Zwue 0z ( )
g
E,=—-——B 2.58
oy (2.58)
0By 2 4 2
52 T (w?pé— %) By =0 (2.59)
and for TE polarization:
i OF
B,=-—"* 2.
w 0z (2.60)
B
B,=—-F 2.61
“E, (261)
0’E, 2 A 2
52 T (wpe—B*)E, =0 (2.62)

TM polarized modes

Now we apply the boundary conditions at the interface which require
that the tangential components of E and B be continuous. First let
us look at the TM modes. From eq. 2.59 at the interface we arrive to
ki? = 8% — w?pé; for i = 1,2 for the two sides of the interface, then, for

medium 1, z > 0, we have:

B, = Aje M1zl (2.63)
. kl —k1z iBx
E, =iA——e "%e (2.64)
WH1€1
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2. THEORETICAL BACKGROUND

E, = —Alwfléleklzeiﬁz (2.65)
and for medium 2, z < 0:
By, = Aget?2e!P” (2.66)
. ko koz ifx
Ex = —’lA2m€ e (267)
E, = —A%j@ekﬂeiﬁx (2.68)

Here A; and Ay are amplitude coefficients. As pointed out earlier, the
tangential components need to be continuous By, E, at the interface.
To this we add the fact that we’re dealing with non-magnetic media
M1 = p2 = [o

hence:

Ay = Ay (2.69)
B__a (2.70)
ko €

In Eq. 2.70 both k; and k2 need to be positive in order to have an
electromagnetic wave which is strongly bound to the interface. This
only happens if €; and €5 are of opposite signs, that is one of the media
has a metallic character and the other is a dielectric. There will be no
SPPs propagating at the interface between two dielectric materials. By
inserting the expressions for k1 and ko: k;? = 2 —w?uié; in Eq. 2.70 we

arrive to the dispersion relation:

w €7‘1€r2
= —\/ T 2.71
b cV €1+ €2 ( )
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2.3 A metal-dielectric interface

TE polarized modes

Now let us take a look at TE polarized waves. From Eq. 2.66 to 2.68 we

get the following set of equations for the two media:

for z > 0:
E, = Aje Mzeihr (2.72)
ik —k1z iz
B, = ——Aje "%e (2.73)
w
B, = éAle_klzei’BI (2.74)
w
for z < O:
E, = AgeM?2efT (2.75)
ik koz iBx
B, = — Aze™%e (2.76)
w
_ ﬁ koz ifx
B, = —Age™%e (2.77)
w

At the boundary E,, B, need to be continuous. This leads us to
ki+koe=0 (2.78)

but, as mentioned earlier, a bound mode at the interface requires that kq
and ks is positive, which is in contradiction with eq. 2.78. We conclude
that no TE polarized electromagnetic waves bound to the interface are

possible. All SPP at a metal-dielectric interface are of TM polarization!
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2. THEORETICAL BACKGROUND

SPP propagation

The propagation of a SPP along an interface can be described by two
quantities: propagation length and evanescent decay length. The prop-
agation length describes the attenuation of the surface plasmon in the
direction of travel; it is defined as the distance after which the intensity
of the electric field has decreased by a factor of 1/e, that is roughly to
37% of the original amplitude. The propagation length L is given by:

1

L= S (2.79)

The evanescent decay length indicates how far the plasmon penetrates
into the two media, on either side of the interface, perpendicular to the
direction of propagation. The evanescent decay length Z;, with ¢ = 1,2
for the two media, is defined as the distance after which the amplitude

of the electric field, in the direction perpendicular to the propagation

i

the SPF’s penetration < the SPP’s attenuation as
depth into the two

i it propagates is
Tedis i eesrined oy chﬁra}z:terizge:l by the
the evangscent decay

length propagation lemgth

Figure 2.2: Propagation length and evanescent decay length of a surface

plasmon polariton
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direction, has decreased by a factor of 1/e, and is given by the formula:

4 = (2.80)

2.4 A double interface

Let us now consider an double interface. Our system becomes a thin
metal layer sandwiched between two dielectric media. For simplicity we
will consider the two dielectrics to be identical €71 = €79, but this need
not be the case. As in the case of a single interface, the SPPs are prop-
agating along the x direction and the penetrate in the media along the

z direction, decaying exponentially.

Figure 2.3: Schematic representation of a surface plasmon polariton

propagating at a double interface in a dielectric/metal/dielectric structure
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2. THEORETICAL BACKGROUND

To work out the dispersion relation for a SPP propagating at this dou-

ble dielectric/metal/dielectric interface, we follow the approach taken by

Hermannsson in (58)). We consider the metallic layer to have a thickness
d and we will call half the thickness of the metallic layer a; a = d/2. We
are only interested in bound modes, so only the TM polarization will be
considered; described earlier by Eq. 2.57-2.59. We have k;2 = 82 —w?pé;

for ¢ = 1,2, 3, which gives us:

B, = Aje~Fi(z=a)gibe zZ>a
B, = Agel1zta)eibe 2 < —a
By = Azel2(cm0)eibe 4 fpeke(ta)eife g < 5 <q

If we plug this into Eq. 2.57-2.59, we get:
for z > a
By — Alefkl (zfa)eiﬁa:

ki _ e~k (z—a)eiﬁm
wi1€1

E,=iA

Ez — _Alie—kl(z—a)eiﬂz
wi1€1
For z < —a we have
By _ Agekl (z+a)eiﬂx

Ez _ 7A2 5 _ ekl(z—l—a)eiﬁm
Wit €1
and —a < z < a

By = ASBkZ(Z*CL)e’L‘,B:E +A4eik2(z+a)eiﬁx

E, = ‘ (AgkrgekQ(Z_a) + A4k26_k2(z+a)) P

W2€2
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2.4 A double interface

B, = — B _ (Agekz(z—a) +A4€—k2(z+a)> e~ BT (2_9())
WH2€2

Requiring that By, E, I, be continuous at the interfaces between media

1-2 and 2-3, we arrive to:

zZ=a
A = As + A46_k2d (291)
@Al = —@AE} + @A46_k2d (292>
€1 €9 €9
and z = —a
Ay = Age F2d 4 A, (2.93)
k k k
TlAQ = —TlAgeide — 72A4 (2.94)
€1 €1 €

This can be written in matrix form

1 0 -1 e~ ka2d Ay
0 1 —ghed -1 A,
=0 (2.95)
k ko —kod k
0§ —gehd & Ay

Equation 2.95 allow a non-trivial solution, that is Ay, As, A3, Ay # 0 if
the determinant of the matrix on the left is zero. From this condition

we arrive to the dispersion relation:

o—Had _ :l:kl/E:1 + k2/€:2
ki/é — ka/éx

Let us now investigate the negative and positive solutions of the above

(2.96)

equation.
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Symmetric and antisymmetric plasmon modes

By inserting the negative solution in equation 2.95 and normalizing the
constant A; = 1 we derive the y-component of the magnetic field in the

three media:

B, = eh1(z+d/2)gife z< —d/2 (2.97)

(k)@ — (kaf@)® |

By =— - eP cosh(kpz) —d/2 < z<d/2 (2.98)
ka/é

B, = e ki(z=d/2)gife z>d/2  (2.99)

This mode is also called the symmetric mode because the E, component
of the electric field is symmetric. Decreasing the thickness of the metal-
lic film has a number of interesting effects on the propagation of this
plasmon mode. We find in literature that as the metallic film becomes
thinner, both the real and imaginary part of the propagation constant
B decrease. When the film thickness goes to zero d — 0, the propaga-
tion constant 3 — (w/c),/€,. What does this mean for the propaga-
tion length L and evanescent decay length 27 Both the Imfg — 0 and
k — 0 which results in L — oo and Z — o0; the plasmon polariton
mode becomes a plane wave propagating freely through the dielectric.
In practice, as the thickness of the metal film is decreased, the plasmon
becomes less confined to the interface (reflected by a longer evanescent
decay length). Thus, the symmetric mode is loosely bound to the in-
terface, which results in less absorption in the metal and consequently a

propagation length orders of magnitude higher than a SPP propagating
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2.4 A double interface

at a single interface. Due to this, the symmetric mode is also called a
long-range surface plasmon polariton (LRSPP). It should be noted that
a real metal/dielectric interface presents surface roughness as well as de-
fects in the metal -grain boundaries, vacancies,etc.- all of which cause
additional loss due to scattering. Because of its properties, the LRSPP
is most suited for transmitting signals over long distances: on the mil-
limeter scale as opposed to a few microns in case of the SPP at single
interfaces. It is the LRSPP that we are interested in for use our variable

optical attenuator.

Next, by inserting the positive solution of Eq. 2.96 in the matrix equa-

tion 2.95, we arrive to:

B, = —h(zHd/2) ibe z< —d/2 (2.100)

\/(’fl/él)2 — (ka/é)?

B, = — - €% sinh (kyz) —d/2<z<d/2
ka/éa
(2.101)
B, = ¢ h(z=d/2) iz z>d/2 (2.102)

This is called an antisymmetric mode, because E, and B, are antisym-
metric. When the thickness d of the metal film is decreased, we find
that both the real and imaginary part of the propagation constant 3 in-
crease. This results in a very strongly confined plasmon, with high losses
due to absorption in the metal as it propagates and thus a propagation
length that is shorter than the propagation length of a SPP at a single
interface. Because of this, this mode is also referred to as a short-range

surface plasmon polariton (SRSPP).
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2.5 Strip and wire waveguides

In the previous chapters we have presented SPP propagating along the
interface between a metal and a dielectric and concluded that a LR-
SPP (the symmetric mode propagating at a dielectric/metal/dielectric
interface) yields the longest propagation length and is best suited for
our application. However, we have not included any lateral confinement
yet in our analysis. An LRSPP propagating along an ’infinitely-wide’
(from the plasmon’s point of view) interface would have the possibility
to quickly dissipate sideways. In 1999 Berini demonstrated the theoret-
ical possibility of using a thin metallic strip of finite width encased in a

dielectric to support plasmon propagation.

The plasmon modes supported by such a structure cannot be determined

analytically and are instead characterized by numerical methods such as

Figure 2.4: Propagation of a hybrid surface plasmon mode in a strip

waveguide
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2.5 Strip and wire waveguides

the finite element method or the method of lines (used by Berini). These
strip waveguides support four fundamental modes all of which are mostly
TM polarized (these modes aren’t pure TM modes, but the electric field
has a predominant F, component). One of the four fundamental modes
is a non-radiative, bound mode that is symmetric in both z and y direc-
tions; this mode is the LRSPP mode. In the year 2000 the finite-width
strip waveguides predicted theoretically were demonstrated experimen-
tally in the form of a 20nm thick, 8 yum wide Au strip embedded in
SiOg9, operating at a free-space wavelength A=1550nm. The LRSPPs
supported by such structures can be excited by end-fire coupling, how-
ever a polarization-maintaining optical fiber is required to ensure a TM

polarized light.

Figure 2.5: Surface plasmon mode propagating along a nanowire waveg-
uide. The hybrid mode is made up of corner-modes
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In order to obtain a waveguide that doesn’t discriminate between a TM
or TE polarized light from the input fiber, Berini suggested replacing
the metallic strip (where the width is much larger than the height) with
a metallic wire which has a symmetric, square cross-section (2I)). As in
the case of the strip waveguides, the modes supported by the nanowires
are coupled modes (sometimes called supermodes) formed from simpler
modes. Unlike the strip waveguides though, we find in literature that for
sufficiently narrow wires these modes are not formed from modes prop-
agating on the sides of the square, rather it is corner-modes that couple
to give rise to the supermodes. It should be noted that, similar to the
double interface and the strip waveguides, if the cross-section of the wire
is larger than a certain threshold, the corner mode are too far from each

other to interact and a coupled mode is not formed.

E®D g4.n

SR —] E0D —

Figure 2.6: A schematic, cross-sectional representation of the plasmon

modes supported by a nanowire waveguide (adapted from (59]))
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2.5 Strip and wire waveguides

There are four modes that may be supported by a waveguide with a
square cross-section and they can be designated (59): E00) p0) pO.1)
and EMY | Of these EOY and EMY are LRSPP modes and are orthog-

onally polarized.

So, we have found that a metal nanowire encased in a dielectric can serve
as a waveguide for LRSPPs and can also be polarization-independent.
In the next chapter we look at how we model the electric field distribu-
tion inside such a waveguide using the finite element method, then we
determine the optimal geometry for a gold wire waveguide operating at

telecom wavelength, A=1550 nm.
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Modelling

In the previous chapter we have seen how electromagnetic radiation con-
fined at the interface between two media with dielectric constants of
opposite signs (a metal and a dielectric) can give rise to plasmon waves
propagating along that interface. As we have previously stated, analyt-
ical solutions can only be obtained for a single interface and a double
interface (dielectric/metal/dielectric layers) between semi-infinite media.
Once a lateral confinement is introduced, in the case of metallic strips
or wires embedded in dielectric, the differential equations describing the
system can no longer be solved analytically, so an approximate numerical

solution is sought instead.

In this chapter we present the model that was used to estimate the
insertion losses of our nanowire waveguides before fabrication. We used
COMSOL Multiphysics (TM) software package which employs the finite
element method to produce a numerical solution for partial differential
equations. We briefly present the core principles of the finite element
method and then show how COMSOL can be used to map the electric
field distribution across our structures and how the significant quantities

like coupling loss and propagation loss can be derived from this.
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3. MODELLING

3.1 The Finite Element Method

The finite element method, also known as finite element analysis, is a
numerical method that allows approximate solutions to be computed for
certain types of problems involving partial differential equations. It is
difficult to accurately pinpoint the origins of the finite element method.
This method, when applied to real-world problems, yields a large system
of linear or non-linear algebraic equations that can only be solved by
using a computer. So, even though the mathematics and the principle
of the finite element method have been around for the better part of
the last century, it was not properly developed or gained widespread use

until access to computing power became ubiquitous.

In 1943, R. Courant, a mathematician, published a paper (60) where
he presented the possibility of numerically solving partial differential
equations over a domain by dividing it into small triangular subdomains,
finding a local solution within each subdomain while requiring that there
be no discontinuity between adjacent subdomains and finally integrating
over the entire domain. This, as we shall see, is the core of the finite ele-
ment method. However, Courant’s paper failed to gather much attention
and the method was not further developed until the necessary comput-
ing power was more widely available. During the 50s the finite element
method was used by the aeronautical industry to model mechanical stress
in wings (61, p. 3). In 1956 Turner et al. published a paper (62]) detailing
the discretization of a domain into triangular and rectangular elements
to model stress in 1-dimensional and 2-dimensional cases. Once comput-
ing power became more universally available, the finite element method
also became more wide-spread. Since the 1980s the method has become
available on personal computers (61, p. 3) and today it is being used in
many different fields for problems such as fluid mechanics, heat transfer
(from engine pistons to integrated circuits), sound propagation in solids

and fluids (both stationary and in motion), chemical reaction kinetics,
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3.1 The Finite Element Method

ion transport and diffusion, propagation of electromagnetic waves and

many others.

The type of problems that the finite element method can be applied
to are known as field problems, or alternatively, boundary value prob-
lems. In essence, there is a given domain with well defined boundaries
over which some variables, known as field variables, need to be deter-
mined in every point of the domain. These field variables must satisfy
a differential equation across the domain as well as some boundary con-
ditions along the boundaries of the domain. Depending on the type of
problem, the field variables may represent different physical quantities,
such as: displacement for mechanical stress analysis, fluid velocity for
problems of fluid dynamics, temperature in case of heat transfer prob-

lems or electric field intensity for optical applications.

Let us consider, for example, a 2-dimensional domain D of arbitrary
shape and a variable ¢(x,y) that needs to be determined in every point
of the domain. In most real-world problems an exact analytical solu-
tion will not be available and an approximate numerical solution will be
sought instead. We can define a triangular element of finite size within
our domain as shown in figure 3.1. This finite element is made up of
three edges and three nodes. The nodes of this triangle are outside of
the element so they are exterior nodes, however interior nodes may also

be considered.

The values of the field variables ¢(z,y) are computed explicitly at the
nodes of the element while at all the other points inside the element the
values of the field variable are interpolated: ¢(z,y) = Fip1 + Faps +
F3p3. Where Fi, F5 and F3 are interpolation functions and o1, @2 and
3 are the values of the field variable at the nodes which are treated as

unknown constants that need to be determined. In order to compute the
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internal
noce
ot
edge A\ external

node

Figure 3.1: An arbitrary domain D with a triangular element. On the
right, the same domain is meshed using triangular and quadrilateral ele-
ments; note that there are no gaps in the mesh and the elements connect

at the nodes and along the sides without overlapping.

values of ¢(x,y) over the entire domain D, more triangular elements are
considered that are connected at the exterior nodes and edges. These
triangular elements cover the entire domain approximately and do not
overlap with each other. This network of triangles is called a mesh and
the process of dividing a domain into such elements is known as meshing.
The mesh need not consist of triangular elements alone; quadrilateral el-
ements or a mix of triangular and quadrilateral elements may also be
used. Figure 3.2 shows how a mesh approximates the boundary of an
irregular-shaped domain. By refining the mesh, that is decreasing the
size of individual elements, a better approximation of the boundary is
obtained. It is also imposed that the solution be continuous at the nodes
connecting elements as well as across the inter-element edges. This way

the solution is interpolated across the entire domain in piecewise fashion.
There are several methods for calculating the values of the field vari-

able at the nodes, however, one technique that is easily applied to the

finite element method is the weighted residual method. In essence, a
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3.1 The Finite Element Method

test function is inserted into the differential equation and the result will
differ from the correct solution by an amount we call a residual. By
minimizing this residual, our test function approaches the solution. For

sake of example, let us consider a differential equation:
D[f(z),z] =0 (3.1)
where a < x < b and the boundary condition is:

fla) = f(b) =0 (3:2)

We seek a solution that can be expressed as g(x) = > ¢;N;(z), where
¢; are unknown constant parameters and N;(x) are functions that are
continuous over the domain and satisfy the boundary conditions. Insert-
ing our proposed solution into the differential equation we find that our

solution differs from the exact solution by a residual quantity:
Dlg(z),z] = R(x) (3.3)

The residual R(x) also depends on the parameters ¢;. For our approx-
imate solution to approach the exact one these parameters need to be
evaluated so that integral of the residual over the entire domain is zero;

which can be formally written as:

b
/ wi(z)R(z)dxr =0 (3.4)

The functions w; are weighting functions and there are several methods

for choosing them (63, p. 8):

e the collocation method: the residual is required to become zero at
specific points, equal in number to the parameters ¢;. The weight-

ing functions are of the form w;(z) = §(x — x;).

e the subdomain method: the weighting function becomes unity w;(z) =
1 over a region. The number of these regions is equal to the number

of unknown parameters c;.

47



3. MODELLING

e the Galerkin method: this is most frequently used in finite element
software. The weighting functions are the same as the functions
used in the approximate solution w;(x) = N;(z). Hence equation

3.3 becomes: )
/ Ni(2) R(z) dz = 0 (3.5)

yielding n algebraic equations with a corresponding number of pa-

rameters ¢; to be determined.

Another mathematical method which is often applied to similar, or the
same, problems involving differential equations is the finite difference
method. This method is also a numerical method and yields approx-
imate solutions. The numerical solution is obtained by replacing the
differentiable solution by a grid function; a function that is only defined
at a finite number of points, called grid points. at these points the deriva-
tives that appear in the function are replaced by an approximate finite

quantity, since:

fr(a) = }}L% f(a+hlz—f(a) - f(a+h})l—f(a)

The finite element method and the finite difference method are similar in

(3.6)

the sense that both approach a differential equation problem by discretiz-
ing it and ultimately yield algebraic equations that need to be solved.
There is also an equivalence between the nodes of the mesh in the finite
element method and the grid points used in the finite difference method.
It is at these points that the solutions are calculated explicitly in both
methods. Also, by increasing the number of grid points and mesh nodes
respectively, the approximate solutions of both methods approach the
exact solution. The finite element method has some advantages over the

finite difference methods:

e it can easily handle domains with irregular boundaries or complex

geometrical shapes
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3.1 The Finite Element Method

the mesh doesn’t need to be uniform and denser meshes can be
applied where the field variables are expected to vary rapidly (such
as near the boundaries); this ensures that a correct solution is

computed without requiring prohibitive computational resources

the method can model domains which contain multiple materials
each with different material properties and boundary conditions

(including fluxes)

the nature of the method allows for highly modular programming

as the mesh generation is identical regardless of the nature of the

field variables

=
D
il
-

Figure 3.2: A coarse mesh might not cover the domain and since the field
variables are computed explicitly only at the nodes and interpolated over
the domain, a mesh like this may yield an invalid solution. A finer mesh
has the advantage of providing enough nodes for characterizing the field
variables along the boundary of the domain, however this comes at the
cost of computing power. The ideal choice is to use a non-uniform mesh
that is finer where the field variables are expected to vary fast over short
distances and coarser mesh where this is not the case. (adapted from (64}

p- 4))
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3.2 COMSOL Multiphysics

COMSOL Multiphysics is a commercial software suite for modeling prob-
lems based on differential equations and extracting a solution using the
finite element method. It comprises several modules designed for specific
fields, such as electrical components, stress and strain analysis,acoustics
Jheat transfer and others. These modules can be used in conjunction
with one another in order to model processes where several phenom-
ena overlap: e.g. the AC/DC module combined with the heat transfer
module might be used to model Joule heating of electronic components
or heat distribution inside an induction furnace; the AC/DC module
together with the structural analysis module can describe piezoelectric
components. In order to study the dependence of the insertion loss of
the LRSPP on the specific geometry of the gold nanowires embedded in
polymer we used COMSOL’s RF module, designed for modeling electro-
magnetic waves (radio frequency, microwave, optical or high frequency)
in various media. The RF module was used in conjunction with the heat
transfer module for modeling the heating of the gold nanowire subjected

to an electrical current and the effects on plasmon propagation.

COMSOL, like most finite element software (65, chapter 5), is subdi-
vided into three routines: the preprocessing step, the solution step and
the postprocessing step. During the preprocessing step, the problem’s
geometry is modeled in the computer. COMSOL provides a CAD-like
(Computer Aided Design) interface for this purpose. Next, the mate-
rial(s) making up the domain are defined through material constants
relevant to the problem (these might be Young’s modulus for a struc-
tural analysis problem, heat capacity and/or thermal conductivity for
heat dissipation problems, etc). Once the geometry and the materials
are defined, the domain is discretized into finite elements. The earliest
finite element softwares needed the user to manually mesh the domain

by defining the vertices along which the mesh elements would connect.
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3.2 COMSOL Multiphysics

It’s easy to see how this was a tedious, time-consuming and error-prone
process, more so since the mesh had to be modified every time the do-
main geometry changed in the slightest. Current generation software
uses meshing algorithms to automatically generate a discrete mesh over
the domain. In the case of COMSOL the user may opt to rely entirely
on the meshes generated by the program (called a free mesh), to impose
some rules or constraints on the used mesh (known as a mapped mesh)
or to use a combination of the two (e.g. a mapped mesh over a particular
point of interest and a free mesh over the rest of the domain). Either
way, after the mesh is generated, the user has the option of designating
areas of interest where the mesh needs to be finer. It is worth noting
that while the finer the mesh, the more elements (and implicitly ver-
tices) it has, the higher the probability that the solution will converge
and the closer the approximation is to the exact solution, one should be
mindful not to overextend the calculation so much that the computers
resources could not accommodate it. Failure to do so might result in
extremely long computation times. Finally, once the program has cre-
ated a database with the mesh elements, their relations to each other
and to the physical geometry of the problem, the preprocessing module
applies any existing boundary conditions or initial conditions defined by

the user before moving on to the processing module.

The processing step is where the actual computations for providing a
solution are performed. As discussed earlier, at each vertex, internal or
external, the field variables are evaluated. This yields a set of algebraic
equations which are collected in matrix form from the entire domain.
These equations are then solved while accounting for any boundary con-
ditions that were defined. When solving the matrix equations the soft-
ware uses algorithms optimized for various types of problems; for static

problems, a method based on Gauss elimination might be used.
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Using computer aided design (CAD) the geometry
of the problem’s domain is created

. -

The physical propetties of the materials making up the
domain are defined through relevant material constants

Based on the user's specifications a mesh is created
and may be further refined to suit the specific problem

"

Boundary conditions and initial conditions, if any,
are established

.

Algebraic equations for the field variables are
assembhled at the each nodes of the finite elements

"

Global equations in matrix form are solved with regards
to the boundary conditions over the entire domain

N

The solution is stored and a color-coded
graphical representation is displayed

5

Error estimates and various secondary quantities
can be calculated from the field variables

Figure 3.3: A schematic representation of the main steps taken by COM-
SOL during a simulation: the tan boxes pertain to the pre-processing mod-
ule, the green ones to the solution module and lastly, the purple ones make

up the post-processing module

Lastly, the postprocessing step outputs the results of the calculation in a

graphical, often color-coded, representation. In case of a time-dependent
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problem a dynamic, animated representation is available. Often sec-
ondary quantities that depend on the field variables are calculated as
these may present more practical interest (e.g. in structural analysis
problems the field variable may be displacement, but the actual quanti-
ties of interest are strain and stress that can be derived from displace-

ment).

3.3 Simulation Results

We used COMSOL to model the propagation of LRSPPs through our
nanowire waveguides both in a static regime and while subjecting the
metal wires to resistive heating by means of an electric current. This
research was carried out in collaboration with Petur G. Hermannsson and
a more detailed account is given in papers IT and III. When investigating
the nanowires in the absence of an electric current we modeled the cross
section of the waveguide and computed the effective refractive index
and the mode field (the spatial distribution of the electric field). As
illustrated in the figure below, the waveguide was considered to consist
of a gold nanowire with a square cross section embedded in a layer of
polymer which is in turn enclosed in a box of air. Since the polymer
layer is relatively thick, the silicon substrate can be safely omitted. The
goal was to understand how various elements of the waveguide geometry
affect the losses along the waveguide and how to minimize these losses.

The factors we studied were:

o the effects of deviations of the metal core from square symmetry,

such as slightly rectangular or trapezoidal cross sections

e the effect of the presence of an adhesion layer between the gold

core and the polymer layer

e the effects of the size and shape of the polymer cladding
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Our nanowire waveguides were designed to operate at the free space
wavelength of A=1550nm in order to ensure compatibility with stan-
dards used by the telecommunications industry. At this wavelength,
Au is characterized by a complex refractive index of n = 0.52 + 10.7¢
while our chosen polymer, benzocyclobutene (BCB), has a refractive in-
dex of n = 1.535. As mentioned in the previous chapter, the modes
supported by a metallic wire with a square cross-section encased in a
dielectric medium, are supermodes resulting from the interaction of the
four corner modes. There are two long-range propagating modes that in
literature (59) are designated E(®D) and E(10),

There are two types of loss that characterize our nanowire waveguide
devices: the propagation loss and the coupling loss. As the name sug-
gests, the propagation loss is due to the LRSPP traveling along the
waveguide and is caused by the absorption of the electromagnetic radia-
tion in the metallic components. The propagation loss is computed from
the effective refractive index. This is analogous to the refractive index
in homogeneous media applied to optical fibers and waveguides; it is a
measure of the speed of an electromagnetic wave in the medium relative
to the speed in vacuum. Unlike the refractive index for homogeneous
media, where the speed of the wave is solely dependent on the wave-
length, in a waveguide the speed is dependent both on the wavelength
and on the mode in which the light propagates, for this reason the effec-
tive refractive index is also called modal index. The effective refractive

index, neg, is related to the propagation constant 3:

5= nef%” (3.7)

The propagation constant describes how the electromagnetic wave be-
haves as it propagates in the medium. Note that neg may be a complex
number (it is in our case) with the imaginary part describing the optical

loss or gain when it’s negative or positive, respectively. The propagation
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loss, measured in dB/mm, can be determined from the imaginary part
of Nef:
40m

L,= mlm(neﬂr) (3.8)

The total propagation loss for a waveguide of length [ is L =Lyl

It should be noted that this model considers the metal to be charac-

Ptotal

terized perfectly by its complex refractive index; additional losses due
to scattering on surface roughness or defects in the bulk of the metal
(grain boundaries, vacancies, etc) are not accounted for by the model.
We find in literature that the structure of the metallic plasmonic waveg-
uide (polycrystalline vs. monocrystalline) can have considerable effects
on the propagation length of the plasmon in both silver (66) and gold
(67)) waveguides.

The coupling loss occurs when the surface plasmon is launched along
the waveguide. There are several ways of exciting surface plasmons and
some were briefly mentioned in the introductory chapter. In order to
integrate our nanowire waveguides and the active devices based on them
into the existing fiber optics technology, the most advantageous method
was to excite the plasmons by end-fire coupling: an optical fiber is aligned
precisely to the end of the waveguide and the spatial distribution of the
electric field in the fiber is closely matched, by design, to the field dis-
tribution of the plasmonic modes supported by the nanowire waveguide.
We find that this design is more advantageous to our applications than
prism or grating coupling, since one of our goals is to minimize the foot-
print of the device. In case of the end-fire coupling method, the losses
that occur when the electromagnetic wave ‘jumps‘ from the optical fiber
to the nanowire waveguide are directly related to the overlap between the
mode profile in the fiber and that in the waveguide. In order to ensure
that no air gap is present, an index-matched oil was used between the in-

put fiber and the waveguide. The overlap O between two 2-dimensional
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distributions F' and G is given by:

[//Fdedyr
/ / F? dxdy / / G2 dxdy

COMSOL’s postprocessing module can calculate this overlap if we sup-

O:

(3.9)

ply it with the field distribution in the optical fiber. For the single-mode
fiber that we use the electric field was approximated by a simple Gaus-
sian distribution characterized by the mode field diameter: the distance
from the center of the fiber where the intensity has dropped to 1/e? of
the center value. These values are supplied by the manufacturer of the
optical fiber, but they may also be measured if an appropriate camera
is available at the operating wavelength. Once the overlap O is known
and assuming that the fiber and the waveguide are perfectly colinear,

the coupling loss, expressed in dB is given by the formula:
L.=-101g0O (3.10)

Here too, it should be noted that this way of computing the coupling loss
considers the end facet of the optical fiber and the side of the nanowire
waveguide to be perfectly flat and smooth surfaces. However, the sides of
the sample containing the nanowires were not polished after the Si wafer
was diced using a dicing saw and saw-marks were visible on the facet un-
der a high magnification optical microscope. These dicing marks even in
the presence of the index-matched contact oil introduce additional losses,
so the measure coupling loss will always be higher than the theoretical
values provided by our model. The quantity by which we evaluate our
devices is the insertion loss, that is the total losses experienced by an
electromagnetic wave coming from the input fiber exciting LRSPPs that
travel along the waveguide and are coupled out at the end facet into
a pick-up fiber. It is easy to see that the insertion loss of a nanowire

waveguide of length [ is given by:
Ltotal = 2Lc + Lpl (311)
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A square cross-section

Let us consider first the effects of the geometry of the metallic core
on the propagation and coupling loss. We considered a nanowire with
square cross-section and varied the length of the sides between 150nm
and 200nm. In order to mimic our experimentally fabricated devices, the
polymer cladding had a total thickness of 24 ym with the gold nanowire
positioned in the middle. The figure below represents the results of our

simulations. The graph only shows the simulations for the E(1:%) mode

coupling loss [dH]
L]
1
L

propagation loss [dBmm]
R
1
L

-

T T T T T T T
150 160 it0 120 120 200 210

widthfheight [nm]

Figure 3.4: The coupling loss and propagation loss simulations when
increasing the size of the gold nanowire core while maintaining the square
cross-section.
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because we found they were no different from the results for the E(®1)

mode. The graph also shows that while the coupling loss decreases as
the side of the core’s cross-section increases (due to an increased overlap
between the supported LRSPP modes and the modes of the fiber), at
the same time the propagation loss also increases. This means that min-
imizing the insertion loss will be a compromise between the coupling loss
and propagation loss. The geometry needs to be tailored for he specific
application for the device: a relatively short plasmon waveguide might
benefit from low coupling loss and cope with higher propagation loss,
while a longer waveguide will be aimed at minimizing propagation loss

while incurring higher coupling loss.

An asymmetric cross-section

For our active plasmonic devices we aimed for a small footprint, which
is one potential advantage over classical dielectric-based attenuator de-
vices. For the overall length of our waveguides we aimed for 0.5 mm to
2 mm, and we chose a cross-section for the gold nanowire of 180x 180 nm?.
Next we examined the effects of slight deviations from the square sym-
metry. Since the gold is deposited through thermal evaporation in a
vacuum chamber, we expected fairly uniform height for our wires, how-
ever, due to errors or less-than-optimal calibration during the electron
beam lithography process, the width of the wires might be slightly more
or less than 180nm. We modeled 180 nm-high nanowires with widths
ranging from 160 nm to 200 nm. Similar trends can be observed as with
the large and small square cross-sections: the coupling loss decreases
as the surface of the cross-section increases and at the same time this
leads to higher propagation loss. However, we can also observe that the
E®0) and EOD modes act differently and even small deviations from
a perfect symmetry result in an increase of the propagation loss. The

071)

difference in the insertion loss between the E(19) and E( modes is
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Figure 3.5: Simulations for the coupling loss and propagation loss for

nanowires with asymmetric cross-sections. The deviation from a square

cross-section causes distinction between the E4:0 and EOD modes.

known as the polarization dependent loss (PDL). The PDL needs to be

low, or ideally zero, for a device that operates in an environment with-

out a preferential polarization plane. As we discussed in paper I, for the

PDL to be low enough that our plasmonic optical attenuators to perform

properly, the deviation from square symmetry must be less than 10nm,

for a 180x 180 nm?2 wire.
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Trapezoidal deviation due to manufacturing

During our early simulations we considered only square or rectangu-
lar cross-sections, however we found during manufacturing that some
samples presented a slight trapezoidal shape, wider at the base and
narrowing narrowing slightly towards the top. We decided to model
these trapezoidal-shaped wires in COMSOL to evaluate their effect on
the propagation loss of the plasmonic waveguides. The simulations re-
vealed that for small deviations from square to trapeze cross-section,
when the trapezoidal angle is less than 5 degrees, there is little change
in the propagation loss. However, for larger deviations, the E19 mode
shows a strong increase in propagation loss that is not observed for the
E©1 mode. This suggests that a moderately trapezoidal shape can be a
source of PDL and should be avoided; as stated earlier, a close-to-square

cross-section fabricated to tight tolerances is necessary for a polarization-
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Figure 3.6: Propagation loss simulations for nanowires with trapezoidal
cross-sections. The base of the wire is 180nm with the top narrowing down
to 100nm at a trapezoidal angle §=24°

60
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insensitive waveguide.

The effects of an adhesion layer

Our initial models only considered the plasmonic waveguide to be made
up of the gold nanowire encased in polymer. During fabrication it be-
came apparent that the gold nanowire has poor adhesion to the surface
of the polymer cladding. This would cause the wires to be damaged
or completely detach from the polymer during the lift-off process (this
is discussed in more detail in chapter 4). A comparatively very thin
(2nm) layer of titanium (Ti) was used in order to improve adhesion to
the BCB. The Ti layer was deposited in a vacuum chamber just prior to
the Au deposition. We modeled the influence of the Ti adhesion layer

on the propagation and coupling loss of nanowires with various square
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Figure 3.7: Propagation loss simulations for square cross-section
nanowires of various sizes in the presence of a Ti adhesion layer of 1 nm

and 3nm

61
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cross-sections, from 150nm to 210nm. The simulations revealed that
the coupling loss slightly decreases by around 0.2dB by adding a 1nm
or 2nm Ti layer. this change affects both the modes equally so no PDL is
introduced. However, the propagation loss increases more considerably
and, more importantly, the loss is higher for the E(®1) mode than the
E19 mode; the difference between the propagation losses for the two
modes also increases with the thickness of the adhesion layer as shown
in figure 3.8. The Ti adhesion layer is necessary due to the way the plas-
monic waveguides are fabricated; alternatively Cr can be used but the
effects are similar. One way of counteracting the PLD introduced by the
Ti layer is to use slightly rectangular cross-sections with the width larger
than the height. This will balance out the PDL, the trade-off being a

slight increase in the total insertion loss.

The polymer cladding

So far we have looked at the how the various geometries of the metallic
nanowire core can affect the insertion loss and the polarization-dependent
loss. We considered a polymer cladding with a total thickness of 24 ym
and a width of 80 um. We also simulated several cladding thicknesses
ranging from 12 ym to 40 pm as well as shrinking the lateral dimension
of the cladding from 80 um to 16 um. Figure 3.9 presents the insertion
loss for three plasmonic waveguides of 0.5 mm, 1 mm and 2mm length
as the height of the surrounding polymer is decreased followed by nar-
rowing the width of the cladding. It should be noted that we didn’t
include the Si substrate that supports the waveguide in our simulations
since it doesn’t affect LRSPP propagation as it is separated from the Au
core of the waveguide by a thick polymer layer. However, in case of a
thin cladding there may be leakage into the Si substrate; a layer of low

refractive index polymer might serve as a buffer layer prevent this. As
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Figure 3.8: Insertion loss simulation for three waveguides of different

length when the size of the polymer cladding is decreased

the figure shows, the nanowire insertion loss can be decreased substan-
tially by introducing additional confinement from the dielectric cladding
(mainly reducing coupling loss). This has, however, not yet been exper-

imentally demonstrated.
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3. MODELLING

Simulations of heated waveguides

We also conducted simulations of the heating of the waveguide when an
electric current is passed through the metallic nanowire (58, p. 38). The
Joule heating of the waveguide was modeled by considering the nanowire
core as a constant power heat source. We also took into consideration
that some material properties are temperature-dependent, such as: heat
capacity, thermal conductivity and refractive index. The heat transfer
between the air and BCB was modeled by requiring the temperature
to be continuous along the air/BCB interface and setting the temper-
ature at the outer edges of the air box at constant room temperature.
COMSOL solves the following heat transfer equation:
oT
Pcpg

where p is the density; C), the specific heat capacity at constant pres-

+V (—=kVT) = Q — pCouVT (3.12)

sure; T is the temperature; k is the thermal conductivity; @) is the power
density of the heat source and u is the velocity field vector, used to
describe the motion of fluids. The polymer BCB was chosen because
of its thermo-optic properties. BCB has a negative thermo-optic coef-
ficient, meaning that its refractive index decreases as the temperature
increases: On/0T = —2.5-10"°K 1. We have so far discussed the LR-
SPP modes propagating at the interface between the Au nanowire and
the polymer (more precisely, propagating mostly at the corners of the
square nanowire), however the polymer cladding itself supports multiple
bound electromagnetic waves since it has a higher refractive index than
air. As the temperature is increased, the refractive index of the polymer
and consequently the real part of the effective refractive index of the
waveguide is lowered; due to the highly localized heating however the
refractive index of the cladding changes relatively little. This causes the
LRSPPs from the wire to couple out into the cladding where they are
lost; this is the mechanism by which the attenuation of the transmitted

LRSPP intensity is achieved. The results are more broadly discussed in

64



3.3 Simulation Results

papers I and III.
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Sample fabrication

In this chapter we look at the techniques used to fabricate our samples.
Our main goal was to create a gold wire with a square cross-section
encased in a suitable polymer which featured electrical contact pads to
allow the resistive heating of the wire. Such a nanowire waveguide could
be used as a compact variable optical attenuator with the magnitude
of the electric current controlling the intensity of the transmitted sig-
nal. We also produced strip waveguides where, as discussed earlier, the
metallic core is a thin strip with the width much larger than the height.
We studied the LRSPP propagation through these strip waveguides as
well as the degrading of the strips due to electromigration when a cur-
rent was passed through the strip for a prolonged time period. For a
joint project with the Nanophotonics Department of the Laser Zentrum
Hannover we fabricated dielectric-loaded SPP waveguides; plasmon prop-
agation through these waveguides was studied through leakage radiation

microscopy.
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4. SAMPLE FABRICATION

4.1 Strip waveguides

All the fabrication steps were carried out in a cleanroom to avoid con-
tamination of our samples. A cleanroom is a standard environment em-
ployed in microelectronics manufacturing, semiconductor industry and
research centers where microscopic airborne particles present a contam-
ination hazard to the samples that are being produced. A cleanroom
keeps the amount of particles present in check by strictly limiting the
sources of contamination and using a constant flow of filtered air to get
rid of particles already present. The cleanliness of a cleanroom can be
gauged by the amount of particles with a certain size present in a specific
volume, e.g. a class 1000 cleanroom has no more than 1000 particles of
0.5 um diameter per cubic foot (in contrast, the air in an average room
contains over one million such particles per cubic foot). The Science De-
partment of the University of Iceland has at its disposal a cleanroom of
Class 100-1000 that was used for most of our fabrication steps. For the
part of the work carried out at the Danish Technical University, their
own cleanroom was used; a class 100 cleanroom. For our presentation
we will break down the fabrication process into producing the lower part
of the polymer layer, creating the Au strip itself and eventually the top
layer of the polymer cladding; each of these parts in turn include several

manufacturing steps.

The lower polymer layer

As mentioned in the previous chapter, the polymer used for the cladding
needs to have particular optical properties. We chose to use benzocy-
clobutene (BCB), commercially known as Cyclotene 3000 series, avail-
able from DOW Chemical Co. BCB has a refractive index n = 1.535
at A=1550nm and a negative thermo-optic coefficient dn/dT" = —2.5 -
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4.1 Strip waveguides

1075 KL,

A standard 4" silicon wafer was used as a substrate. Prior to coating it
with BCB, an adhesion promoter was applied. The adhesion promoter
recommended by Dow Chemicals is called AP3000 and it was spun on
the Si substrate in an open-bowl spin coater. Following this BCB was
spun on top of the primed wafer to yield a layer of a desired thickness
(for most samples it was 14 um). The spin coater is a device used for
obtaining thin films of polymers on a flat surface. The target surface
placed on a plate that can rotate at high speeds and is held in place
usually by the pressure difference caused by a vacuum pump. A precise
amount of the chemical dissolved in a solvent at a known concentration
is then dispersed on the target surface. The surface is then spun at a
constant speed for a given amount of time (most commercial spin coaters
are capable of up to 5000 revolutions per minute). The spinning has two
effects on the chemical solution: the solution spreads to cover the entire
surface while any excess is ejected at the edges and the solvent also evap-
orates leaving behind a film of the desired polymer. The thickness of the
film is controlled by the concentration of the solution and the speed and
duration of the rotation. Often it is also necessary to bake the sample
in an oven or on a hotplate to evaporate all the solvent and to cure the
polymer. Curing is a process by which the polymer strands are cross-
linked resulting in a hardening of the polymer and can be achieved by
various chemical (additives) or physical (heat, UV radiation) means; the
vulcanization of rubber is an example of such a process. Our wafer was
baked in an oven to partially cure the BCB layer. The manufacturer rec-
ommends a curing temperature of 210°C for 40 minutes. A slow ramping
is required for optimum planarization. BCB is susceptible to oxidation
at temperatures above 150°C, which needs to be avoided as it changes
the optical properties of the polymer. To achieve an inert atmosphere

and keep the oxygen concentration below 100ppm there was a constant
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4. SAMPLE FABRICATION

nitrogen flow in the oven during the curing. This thermal treatment
doesn’t fully cure the BCB, rather it results in a 75-82% cross-linking
and is called soft curing or soft baking. After the Au strips are deposited
and the second layer of BCB is spun on top of it the sample is baked
again at a higher temperature to fully cure the polymer, this results in
the lower and upper BCB layers integrating seamlessly without an inter-

face between them.

The Au strip

Our aim was to create gold strips that are a few nanometers thick
(8 — 13nm), several microns wide (4 — 10pum) and several millimeters
in length. The thickness of the strips, we shall see, is controlled by the
actual deposition process. The width and length of the strips is deter-
mined prior to the gold deposition by a pattern on top of the BCB layer.

The process most suited for making this pattern is determined by the
size of the smallest feature, which in our case is the width. One process

that lends itself to making patterns with a minimum feature size on the

positive
resist

L1211

negative
resist

UV exposure developing

Figure 4.1: Illustration of a negative- and positive-tone photoresist

70



4.1 Strip waveguides

orders of a few microns is traditional UV lithography. First, a thin film of
negative-tone photoresist was spin coated on top of the BCB layer. The
photoresist, sometimes simply called resist, is a light-sensitive material,

in our case sensitive to UV light at 365nm, that becomes soluble in a

- a\ [ 4

BCB layer is spin-coated on The resist is developed and the
5i substrate and soft baked pattem from the phatamask

\ / VS reproduced on its Sur‘race/
& b\ [ o

Photoresist layer is A gold layer, thinner than the
spin-coated ontop of BCB resist layer, is evaporated onto
the surface

7 ¢\ [~ £\

The resist layer is exposed The resist layer is dissolved in
ta UV light through a acetone leaving anly the

\ patterm on a photomask / \ Al attached to the BCE /

Figure 4.2: The main steps of the UV lithography process; the result is

a structure of Au pattern on top of a BCB layer, ready for putting on the
top layer
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4. SAMPLE FABRICATION

specific solvent when exposed to light. In case of negative-tone resists,
the regions exposed to the UV light become insoluble and remain stand-
ing after immersion in developer fluid, while in the case of positive-tone

resists the exposed portions become soluble. (illustrated in figure 4.1)

Following the patterning of the resist surface, the next step was the
actual deposition of the Au. This was achieved by means of thermal
evaporation in vacuum. The wafer was placed in an upside-down posi-
tion, with the patterned face downwards, inside a vacuum chamber. A
small amount of high-purity Au was placed in a metallic boat that could
be heated electrically inside the chamber. The vacuum is necessary to
ensure that no other particles are present when the Au is deposited as
these would be incorporated in the Au film and contaminate the sample.
Once the chamber was pumped down to high vacuum (between 10~7 and
10~%mbar), an electric current was passed through the boat containing
the Au, causing it to heat up and evaporate onto the surface of the wafer
placed right above it. The thickness of the deposited Au layer was mon-
itored using a quartz crystal microbalance, a sensor containing a quartz
crystal placed near the deposition target. It operates on the principle
that a metallic film of the same thickness is deposited on both the target
and the sensor. The resonant frequency of the quartz crystal depends on
its mass and can be measured with very high precision. By knowing the
surface of the sensor and the type of material that is being deposited, the
minute changes in the quartz crystal’s mass can be correlated with the
thickness of the deposited film. After the gold deposition the chamber
was vented and the wafer removed. The last step is called lift-off and
it serves to remove the residual resist layer, leaving only the Au pattern
that is attached directly to the BCB. In our case, an acetone bath was
used for the lift-off.
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Figure 4.3: A schematic representation of the heat treatment of the

polymer layers

The top polymer layer

After the Au strips were deposited on the BCB layer, a second layer
of polymer, of the same thickness as the first, was spun on the wafer.
Then the final heat treatment in the oven was applied to fully cure the
polymer. The oven was purged with nitrogen and the temperature slowly
ramped to 250°C (at a rate of 3°C/min) and maintained for one hour.
The wafer was then cut using a dicing saw to yield samples of various

lengths.

4.2 Nanowire waveguides

For realizing the nanowire waveguides we had to produce Au wires with
a symmetric square cross-section with the length of the sides between
150-180nm. With traditional UV lithography techniques a resolution of
150nm cannot be achieved so instead we used electron beam lithogra-

phy. This technique, as the name implies, uses a focused electron beam
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4. SAMPLE FABRICATION

to pattern a resist that is is sensitive to electron irradiation. The main
fabrication steps were the same as in the case of the strip waveguides:
spin on the BCB layer and soft bake, spin on a resist, pattern the resist
and develop it, deposit the gold followed by lift-off and a second BCB
layer which is then hard baked. However, due to the nature of the e-

beam process some additional steps were required.

The resist we used is called ZEP520; it is a high resolution resist which
has been shown to allow feature sizes down to 50 nm; another possibility
was using poly(methyl methacrylate) (PMMA), another popular resist
that has a resolution of roughly 10 nm, either of these two was suitable
for our purpose. On top of the e-beam resist a 15 nm-thick Al film was

evaporated. The purpose of this Al layer is to prevent charge build-up

Figure 4.4: AFM image of the e-beam resist after exposure and develop-
ing, before the Au layer was evaporated on the surface. The depth of the
groove is 150 nm. The sloping sidewalls are an artifact due to the shape of
the AFM tip.
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Figure 4.5: SEM image of the e-beam resist before Au deposition. The
groove running from the middle of the image to the right is where the
nanowire will be located after Au is evaporated.

on the surface during exposure, which in turn could compromise the pat-
tern. The resist was patterned using a JEOL-JBX9300FS electron-beam
writer housed in the cleanroom facilities of the Danish Technical Uni-
versity. After the patterning the Al layer was removed by wet etching
and the resist was developed using a suitable developer (the commer-
cially available ZED-N50). Before depositing the gold, the patterns were
characterized using atomic force microscopy (AFM) and scanning elec-
tron microscopy (SEM) techniques. After the resist was developed, a
180 nm layer of gold was deposited by means of e-beam evaporation. A
2 nm-thick layer of Ti was used to enhance adhesion of the gold to the
polymer. A low deposition rate of 1 angstrom/s was used. Finally, dur-
ing the lift-off phase, the remainder of the resist layer was stripped off,
leaving us with nanometer-scale Au wires sitting on top of the BCB layer

(these were again investigated by means of AFM and SEM).

Before proceeding to spin on the second BCB layer we needed to create
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contact pads for electrodes to allow us to pass a current through the

wires. These contact pads have a relatively large surface, with the sides
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Figure 4.6: Some of the major steps in the nanowire waveguide fabrica-
tion process. The orange boxes mark processes which involve the polymer
cladding; the green ones concern the fabrication of the Au nanowire and
the purple one the Au contact pads necessary for running a current through
the wire.
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Figure 4.7: A mask design of the actual pattern used for our nanowire
waveguide samples. The blue central wires are patterned with e-beam
lithography and the green part are patterned with UV lithography (align-

ment marks (not shown) were used to ensure a good fit).

of around 0.5mm, so it would not have been economical to use e-beam
lithography for patterning them. Instead UV lithography was used: a
resist layer was deposited on top of the existing nanowires, then a pho-
tomask containing the pattern for the contact pads was carefully aligned

with the nanowires and the wafer was exposed to UV radiation. After

Figure 4.8: A picture of a finished sample; the areas where the BCB was

removed to expose the contact pads are visible.
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developing, 50nm of Au were evaporated onto the surface in a vacuum
chamber, followed by lift-off. It should be noted that the actual de-
sign, as shown in figures 4.8 and 4.9, uses multiple, independent heated
sections connected to common electrodes to achieve a higher yield fabri-

cation process as breaks were common in the wires.

Lastly, the top BCB layer was spun on and the polymer was hard cured.
The wafer was cut to appropriate length using a dicing saw and the BCB
above the contact pads was removed manually using a scalpel to expose
the pads.

. H o
= =
| . |
plasma gold PMMA e-beam developing
cleaning  deposition coating exposure  and lift-off

Figure 4.9: An illustration of a DLSPPW and the main fabrication steps

involved in its creation.
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4.3 Dielectric-loaded waveguides

We fabricated dielectric-loaded surface plasmon polariton waveguides
(DLSPPW) as part of a joint project with the group of Dr. Carsten
Reinhardt from Laser Zentrum Hannover. The project was funded by
COST (European Cooperation in Science and Technology) and entailed
the fabrication of DLSPPWs using e-beam lithography. The quality of
these samples was to be compared to similar samples produced through
two-photon polymerization by direct laser writing (68). The plasmon
propagation through the waveguides was then studied by leakage radia-

tion microscopy.

The DLSPPWs consist of a dielectric substrate covered by a Au film
that is several tens of nanometers thick. On top of the Au film dielectric
strips are placed which act a a top layer for the structure; it is along
these strips that the waveguiding takes place (69). Ordinary microscope

cover glass slides were used as a substrate. The surface of the glass was

Figure 4.10: Microscope image of a DLSPPW sample; a 50x objective
was used to capture this image.
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cleaned using Ar plasma and a 50nm Au film was evaporated on the
glass in a vacuum chamber. Following the gold film, a layer of PMMA
was spin-coated to serve as an e-beam resist material. Using an e-beam
writer, 50-micron-long lines of various widths (from 100nm to 500nm)
were patterned in the PMMA.
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Experimental results

In this chapter we briefly present the measurements that were performed
on our plasmon waveguides. We first discuss the strip waveguides that
we fabricated for the purpose of testing our experimental set-up before
proceeding to study the nanowire waveguides. We measured the insertion
loss of several strip waveguides of various cross-section sizes as well as the
degradation of the Au core due to electromigration when a constant cur-
rent is applied for extended periods of time. For the nanowire waveguides
we characterized the shape and size of the mode field upon decoupling
by using an infrared camera operating at A=1550nm. Then, fiber-to-
fiber insertion loss and polarization-dependent loss measurements were
conducted both in the presence and absence of an electric current heat-
ing the Au nanowire. Lastly, plasmon propagation in the DLSPPW was
studied by leakage radiation microscopy at Laser Zentrum Hannover.
More details about experimental results are given in papers I, III and

Iv.
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5.1 Strip waveguide measurements

Insertion loss

In order to work out the propagation loss of the specific strip waveg-
uide geometries, we used the cutback method, a widely used technique
for characterizing waveguide loss. The method involves measuring the
total loss of a length of waveguide, then substituting it with a shorter
waveguide (or alternatively just cutting part of the waveguide away). By
measuring the loss for several different waveguide lengths, a plot can be
made of insertion loss as a function of length; the slope of a linear fit
to these points gives the propagation loss and the line’s extrapolation at
zero length (where it intersects the y-axis) yields the sum of the coupling

loss at the input and output facets.

One advantage that both strip and nanowire waveguides have is that the
LRSPPs propagating along them can be efficiently excited through the
end-fire method. Many SPP geometries require prisms (in Kretschmann
or Otto configuration), gratings or various defects to excite surface plas-
mons and these may be difficult to integrate into existing fiber optic
technology. As discussed in the COMSOL modeling chapter, end-fire
coupling is possible because the mode field of the LRSPPs is similar to
the mode propagating inside a fiber. Minimal coupling loss is also en-
sured by careful alignment of the fiber to yield a good overlap of the two
modes and the loss can further be decreased by using an index-matched
contact oil between the waveguide and the fiber and by polishing the

waveguide facet to eliminate surface roughness.

We used a free space wavelengths of 1450-1650 nm to excite the LRSPPs
in the strip waveguides. We have seen earlier that the strip waveguides
support predominantly TM polarized waves so a polarization-maintaining
fiber (PM) was used at the input facet. A PM fiber doesn’t have a radial
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Figure 5.1: An example of an experimental set-up for imaging plasmon
mode fields and measuring insertion loss; for the insertion loss measure-
ments the CCD camera and the focusing lens are replaced with a photode-
tector

symmetry, but instead it provides a preferential direction for the orienta-
tion of a linearly polarized wave. When polarized light is launched along
the fiber in the correct orientation, the polarization will be maintained
throughout the propagation in the fiber. A 4x magnification microscope
objective was used to focus the laser onto the PM fiber with a half-wave
plate in front of the objective to ensure launching in the correct polariza-
tion. A half-wave plate is used to rotate the polarization of an already
linearly polarized wave by physically turning the wave plate around its
axis. At the opposite end of the waveguides another microscope objective
(10x or 100 x magnification) was used to pick up the light as it exits from
the waveguide. A thin-film polarizer was used to discriminate between
polarization directions. Depending on the purpose of the set-up, a CCD
camera with an additional focusing lens can be placed behind the second
objective (when one is interested in the shape and size of the plasmon

mode) or an appropriate photodetector when measuring the transmitted
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power. While photodetectors in the telecom range are readily available,
it should be noted that there are few commercial manufacturers of cam-

eras that operate around A=1550 nm.

In figure 5.2 we present the results of typical cutback measurements per-
formed on 5-micron-wide Au strips of various thicknesses (7nm, 10 nm
and 13nm). The length of the waveguides we used were: 2mm, 5mm,
10 mm, 15mm and 20 mm. The slopes of the dotted lines are the prop-
agation loss values for the three types of waveguides. We also compared
the propagation losses measured for these waveguides with the theoreti-
cal propagation loss in an infinitely-wide double interface BCB/Au/BCB
at A=1064 nm calculated using a 1-D mode solver (the loss was derived
from the effective refractive index). At small values of the metallic layer

thickness the theoretically predicted values are lower than the measured
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Figure 5.2: Insertion loss results for 5-micron-wide Au strips at 1064 nm
wavelength
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Figure 5.3: Propagation loss measurements for strip waveguides com-

pared to theoretical results for an infinitely-wide double interface

ones; this is possibly due to additional losses because of scattering on

surface roughness as opposed to a theoretical, perfectly smooth interface.

Elelctromigration measurements

Since our main objective was to manufacture VOAs based on nanowire
LRSPP waveguides that could compete with existing dielectric-based
technologies, we also wanted to study the reliability and rate of failure
of the devices when operated over long time intervals. We decided to
study the failure of strip waveguides due to electromigration. Electro-
migration is the phenomenon of dislocation and transport of metallic
ions inside a conductor due to momentum transfer from electron im-

pacts. The electromigration effect has been known to occur for over a
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hundred years, however it was largely ignored due to not having a signif-
icant effect in bulk wires where the current densities are limited by Joule
heating. The effect became an engineering problem with the widespread
use of microelectronics and integrated circuitry (IC). The wires used in
IC have cross-section in the micrometer range and high current densities
are achievable because of effective heatsinks. While the flux of displaced
ions is proportional to the current density 7, it was found experimentally
(70)), mostly through the work of Jim Black at Motorola, that the mean
time to failure from a batch of identical samples varies with the square

of the current density:

E
t=Aj ?exp —= (5.1)

kp
where A is a constant, E, is an activation energy for failure, kp is the
Boltzmann constant and 7', which in our case is a funtion of j, is the ab-
solute temperature. Electromigration occurs more often around defects

and grain boundaries where the ions have better mobility.

We fabricated strip waveguide samples with electrical contact pads simi-
lar to the ones used for the VOAs; strip waveguides were chosen because
they were more readily available as no e-beam lithography was involved.
The 4-wire method was used for sensing, which involves 4 thin, metal-
lic probes in contact with the pads, two of which supply a constant
current while the other pair measures the voltage. The current source
was interfaced with a computer using a Labview environment and the
measurement process was automated because of the timescale of the ex-
periment (the time to failure of the waveguides varied from just under
a minute to several days, depending on the width of the strip and the
current). No LRSPPs were excited in the waveguides and the failure was

solely due to the electrical current in the strips.
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Figure 5.4: Resistance measurements over time with a constant current
applied to the strip waveguide

In the above figure, the resistance as a function of time was plotted when
a constant current of 9mA was applied to a 4-micron-wide strip. It is
interesting to note that when the strip is connected its resistance de-
creases slightly at first. Many of the strips displayed similar behavior;
this might possible be caused by some additional annealing happening

as the wire is suddenly heated.

When passing a constant current between 4-5mA through our 4- and
6-micron-wide and 13nm-thick gold strips, they did not fail for more
than 40 hours, at which point the measurements were stopped. Once
electrical currents around 8mA were applied the gold strips ruptured af-

ter a few hours or several minutes as illustrated in figure 5.5.
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Figure 5.5: Constant current of different values applied to identical Au

strips 6-micron-wide and 13 nm-thick

5.2 Nanowire waveguides

Insertion loss measurements and mode profile imaging

For measuring the insertion loss of the gold nanowire-based waveguides,
a similar set-up was used as for the strip waveguides (illustrated in figure
5.1). We performed measurements on waveguides with gold wire cores
with a nominal square cross-section of 100x 100 nm and 180x 180 nm, ex-
cited by a fiber-coupled laser with a free space wavelength of A=1064 nm
and A=1550nm respectively. In this paragraph we present the results
for the measurements performed at A=1064 nm; the nanowires with the
larger cross-section were used in our current-driven optical attenuator

and are discussed in more detail in the attached paper I.

Just like in the case of the strip waveguides presented previously, for

exciting the LRSPPs in the waveguide, the end-fire method was used:
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5.2 Nanowire waveguides

a laser of the appropriate wavelength (in this case a Nd:YAG laser
for A=1064nm) was focused onto the end of a suitable polarization-
maintaining fiber whose other end was then aligned with the end-facet
of the individual nanowire waveguide sample. A three-axis translation
stage was used to easily achieve precise alignment of the optical fiber the
the plasmon waveguide. The output facet of the waveguide was imaged
using a microscope objective and projected unto a calibrated photode-
tector. By measuring the output of the bare fiber (before coupling into
the waveguide) and the output of the waveguide we could compute the
losses. As previously, in the case of the strip waveguides, the cutback
technique was used to derive the propagation and coupling loss (see fig-
ure 5.6).
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Figure 5.6: Insertion loss measurements in 100x 100 nm nanowire waveg-
uides at A=1064 nm. Samples of 2-, 5-, 10- and 20 mm length were mea-
sured. As predicted by theory, the waveguides behave similarly for both
TE and TM input polarizations.
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5. EXPERIMENTAL RESULTS

No significant difference in transmission was found when TE and TM
polarizations were applied at the input facet (achieved by physically ro-
tating the input fiber 90°). This is in accordance with previous results
found in literature (7I) and our own simulations: the waveguides base
on metallic nanowire cores with a square cross-section support equally
the EX9 and E©D plasmon modes. The propagation loss for both po-
larizations in this particular case was measured to be 0.43dB/mm and

the coupling loss from the fiber to the waveguide was 1.5 dB.
We also observed a decrease in transmission at high input powers. This

phenomenon is illustrated in figure 5.7, where the transmitted power

is plotted as a function of variable input power through a 5mm-long
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Figure 5.7: Transmission through a 5mm-long nanowire waveguide at
variable input power levels. At high power additional attenuation is ob-
served due to heating of the waveguide core through absorption which in
turn leads to heating of the polymer cladding and a change in its refractive

index.
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5.2 Nanowire waveguides

waveguide. At 350 mW input power a measurable attenuation (roughly
0.5dB) is observed. We believe this is due to heating of the metallic
nanowire through absorption; which implicitly leads to heating of the
polymer cladding adjacent to the core, lowering its refractive index, thus
reducing transmission. This is the same effect that we are looking to
achieve in our optical attenuators, with the difference that in this case
the heating of the metallic wire core is achieved by passing an electric

current through it.

In order to image the profile of the plasmon mode as it couples out from
the waveguide a 100x magnification microscope objective was used at
the output facet; the microscope objective projected the image onto a
CCD camera suitable for the used wavelength. Figure 5.8 shows a typ-
ical image recorded by the camera. The parallel lines across the profile
are caused by dicing marks from the saw used to cut the sample from
the 4-inch Si wafer.

From the images we can work out the mode field diameter of the plasmon
mode to be roughly 20 um. Figure 5.9 shows some profiles for an E°

mode in waveguides of different lengths. We can observe that the mode

=

Figure 5.8: Waveguide mode image recorded with a CCD camera. On
the right side the spot size of the laser out of the bare fiber is given as

reference; the nominal mode field diameter is 5.4 ym
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Figure 5.9: Mode profiles for E':¥ plasmon propagating through waveg-
uides of various lengths.

profiles do not change drastically as the LRSPP propagates through the
waveguide. While not pictured here, both E%! and E%! modes look

similar, as it is to be expected.

Polarization-dependent loss measurements

As we have stated earlier, one of the goals we wanted to achieve with our
active LRSPP-based device was easy interfacing with existing fiber com-
munications technology. We chose a gold core with a square cross-section
because such a symmetry would make our device largely insensitive to the
polarization of the light coupled from the input fiber. We performed po-
larization dependent loss (PDL) measurements on the waveguides; PDL

is defined as the maximum variation in insertion loss when light in all
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5.2 Nanowire waveguides

possible polarization states is passed through the device.

A polarization analyzer was used to perform two type of PDL measure-
ments, employing the machine’s internal polarizers as well as an external
polarization controller (the two methods are briefly illustrated in figure
5.10). The light source was a tunable laser operating at A=1550 nm
and optical fibers were used both to couple light into the sample and
to pick up the light at the output facet (note that these fibers were
not polarization-maintaining, but standard single-mode fibers). All the

fibers were securely taped to the optical bench in order to avoid changes

Polarization analyzer

External Optical Optical
source output input

Laser % ? ?
A=1550nm
=

Sample

Polarization analyzer

External Optical Optical
source output input

i ¢
2
Laser

=
OOO Sample

Polarization
controller

F

Figure 5.10: Schematic representation of two polarization-dependent loss
measurement techniques: the Jones Matriz method (top) and the power
min-maz method (bottom).
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in polarization due to bending during the measurements. Prior to the
measurements the polarization analyzer is calibrated by connecting its
input and output ports with a short length of fiber. The so-called Jones
Matriz method is largely automated. After the sample is connected to
the input and output ports via optical fibers the analyzer’s internal po-
larizers generate three linear polarization states, typically at 0°, 60° and
120°; it measures the transmitted power in these three states and com-
putes the PDL from these values. Our sample contained waveguides with
a nominal 180x 180 nm Au core as well as deviations in width both ways

from 150 nm to 210 nm; the results are contained in figure 5.11.

The second method we used is known as the power min-mazr method
and it involves using an external polarization controller to generate many
polarization states (the ‘wiring diagram‘ is presented in figure 5.10). We
utilized a manual polarization controller which consists of three consec-
utive optical fiber loops that can be rotated independently to generate,
due to stress-induced birefringence, any polarization state. The polar-
ization analyzer constantly measures the power transmitted through the
sample while various random polarization states are generated across the
entire Poincare sphere; then the PDL can be computed from the mini-
mum and maximum transmitted power as well as the angle between the

two polarization states to which these correspond.

Both methods yielded similar results with a PDL of around 6 dB for the
180x 180 nm wires and increasing significantly for wires with an asym-
metrical cross-section (by as much as 1dB for a 5% variation in width).
The angle between the minimum and maximum transmission states was
measured to be 8 ~170°, diametrically opposite on the Poincare sphere
which creespond to the horizontal and vertical linear polarizations (the
EOD and E1 modes). We believe the 6 dB PDL, which is related to

fabrication issues. PDL below 1 dB was measured in some of the devices
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Figure 5.11: Polarization-dependent loss measurements and theoretical
estimates for 2 mm-long nanowire waveguides of various widths. The nom-
inal thickness of the wires is 180 nm, yielding a symmetrical cross-section
for 180 nm width.

presented in papers I and III.

Current-driven optical attenuator

In this paragraph we introduce very briefly the propagation loss mea-
surements performed on the plasmon waveguides while an electric cur-
rent was passed through the metallic cores. This topic is the subject of
the attached paper I and is just briefly mentioned here.

The waveguides were tested at wavelengths between 1525 nm and 1625 nm.
As found in literature, passing an electric current through the metallic
wire at the core of the waveguide will cause a rise in temperature in

the nanowire, through resistive heating, and the polymer cladding near
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Figure 5.12: Photograph of a 1 mm-long sample during the VOA mea-
surements. The input and output optical fibers are visible as well as the
two metallic probes that provide the current through the waveguide core.

it, leading to a decrease in the polymer’s refractive index and implicitly
greater propagation loss, until transmission is entirely extinguished at
higher voltages (no more than 3V were needed for over 40 dB attenua-
tion). The switching time was several hundred microseconds for heating
and around 1 millisecond for cooling. The minimum insertion loss mea-
sured was 5dB (for 1 mm-long waveguides), but we believe this could
be further reduced by improving the quality of the metal nanowire or
reducing the length of the waveguide while still allowing for sufficient

attenuation.

5.3 Dielectric-loaded waveguides

As mentioned in chapter 4, dielectric-loaded surface plasmon-polariton
waveguides (DLSPPW) have been fabricated with the intent of char-
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5.3 Dielectric-loaded waveguides

acterizing plasmon propagation through leakage radiation microscopy.
The work was carried out in collaboration with Dr. Reinhardt’s group
in Hannover, Germany. This group has been manufacturing DLSPPWs
using two-photon polymerization by direct laser writing (72) as well as
experimenting with fabrication via nanoimprint lithography (73)). One
of the goals was to compare these structures to the ones fabricated by

e-beam writing by our group.

A set-up was constructed to carry out leakage radiation measurements
using a laser at A=1550nm as a light source. Leakage radiation mi-
croscopy is a far-field technique that allows us to observe the propagation

of SPP at an interface on top of a transparent substrate. When SPPs

Laser coupled in

through a fier
l or mimors

The incident beam lager
T assembly can tilt from -
( [ =y | normalincidenceto
| nearty 90°
Focusing lkens and ||
polarizer (optional) ! PMMA
3
Imaging objective, : i
100 high NA.
ol immersea

leakage

Figure 5.13: Schematic illustration of the leakage radiation microscopy

set-up and working principle.
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propagate along the top interface of a dielectric/metal/air or asymmetric
dielectric/metal /dielectric sandwich, radiation can leak into the dielec-
tric provided that the metal is sufficiently thin. This causes additional
propagation loss beside loss due to absorption in the metal, but, if the
substrate is transparent to that specific wavelength, it allows us to mon-
itor the plasmon propagation. Figure 5.13 illustrates the experimental

set-up.

A microscope objective focuses the excitation beam, provided by an op-
tical fiber, on the end of a waveguide (see figure 4.11 for an image of the

actual waveguides). Surface roughness allows for the light to excite plas-

Figure 5.14: Leakage radiation microscope images of SPPs propagating
along straight waveguides of different widths. It is clear that the waveguide
geometry greatly influenced the propagation length (the widths of the
waveguides are marked on each image). The bright spot on the right side
of each image is the end of the waveguide where the laser was focused; the

wavelength we used was A=633 nm
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5.3 Dielectric-loaded waveguides

mons that propagate along the waveguide; leakage radiation is emitted in
a cone through the glass slide that serves as a substrate and is collected
using a microscope objective with high numerical aperture. The image
from this imaging objective (pictured as upside-down in figure 5.13) is

directed onto a suitable CCD camera.

The top part of the set-up, responsible for focusing the laser onto the
sample, can be tilted to allow excitation under different incidences. From
the images taken through the microscope the intensity of the leakage ra-
diation is measured along the waveguide, closely linked to the plasmon
intensity, and the propagation loss for the plasmon mode can be derived
(figure 5.14 shows a typical image taken through the microscope). The
set-up also allows us to image the Fourier plane and compute the real
part of the waveguide’s effective refractive index. Article IV attached
to this thesis details the results of the study; DLSPPWs fabricated by
two-photon polymerization and nanoimprint lithography were used in

this case.
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Conclusions

In this thesis we reported the design, fabrication and characterization of
plasmonic strip and nanowire waveguides and a plasmon-based variable
optical attenuator at telecom wavelength working on the thermo-optic
effect. The VOA device consists of a gold nanowire core with square
cross-section (nominally 180x 180 nm) embedded in a polymer with neg-
ative thermo-optic coefficient. The finite element method was used to
model the long-range surface plasmon polariton modes supported by the
structure and the geometry was optimized for minimizing coupling and
propagation loss. The manufacturing steps were performed in a clean-
room and UV lithography, electron beam patterning and thermal deposi-
tion in vacuum were employed. Fiber-to-fiber measurements were carried
out to assess the insertion loss and the mode profile was imaged using
a digital camera working at A=1550nm. We achieved extinction ratios
in excess of 20dB for a 1 mm-long sample with switching times between
500-1000 ps. The insertion loss of the waveguide was around 5 dB. Future
endeavors may include further decreasing the insertion loss by improving
the quality of the metal wire to lower plasmon scattering on structural
defects or by reducing the length of the waveguides to 400 um or even

less, however the latter option would also decrease the maximum achiev-
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able attenuation. Passing an electric current through the waveguide for
long periods of time may result in device failure due to electromigra-
tion: mass transport through the metallic core in the direction of the
electron flow causes a thinning of the wire cross-section, which in turn
accelerates the process due to increased current density. We measured
the mean time to failure of several geometries of Au strip waveguides for
various drive current values. We also fabricated dielectric-loaded sur-
face plasmon polariton waveguides (DLSPPW) for use at A=1550 nm.
Plasmon propagation through these waveguides was investigated using

leakage radiation microscopy.
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Abstract: We demonstrate plasmonic nanowire-based thermo-optic variable
optical attenuators operating in the 1525-1625 nm wavelength range. The
devices have a footprint as low as 1 mm, extinction ratio exceeding 40 dB,
driving voltage below 3 V, and full modulation bandwidth of 1 kHz. The
polarization dependent loss is shown to be critically dependent on the
nanowire geometry but devices with polarization-dependent loss as low as
+2.5 dB PDL over most of the attenuation range have been fabricated. We
propose an even more compact device design to reduce insertion loss to
approximately 1 dB.

©2008 Optical Society of America

OCIS codes: (130.2790) Guided waves; (230.3120) Integrated optics devices; (230.7390)
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1. Introduction

Surface plasmon photonics has received considerable attention in recent years [1]. A good
deal of research has focused on plasmonic waveguiding and basic components operating at
telecommunications wavelengths [2,3], where the optical properties of metals tend to be
favourable. This emphasis has been motivated by the prospect of realizing highly integrated
optical components by utilizing the strong light confinement possible at metal surfaces.
However, two main factors still prevent plasmonic components from competing with current
and emerging platforms for integrated optics: high loss and strong polarization dependence. In
order to address these issues, we have previously investigated metallic nanowires that guide
light of arbitrary polarization with comparatively low loss [4]. In the present work, we
demonstrate a compact variable optical attenuator with a high extinction ratio based on such a
waveguide. We believe that this device represents a first step towards a viable plasmonic
integrated optical component design compatible with current technologies.

Optical components used in modern telecommunications systems are fabricated using a
variety of technologies, each exhibiting particular strengths and weaknesses in terms of size,
speed, cost, reliability, optical loss, power consumption, scalability, etc. [5] In particular, the
variable optical attenuator (VOA) which is widely used in optical networks, can be realized
using many different platforms, including opto-mechanics, MEMS, thermo-optics, electro-
optics, microfluidics, liquid crystals or direct fibre manipulation. Advances in the
development of reliable optical polymers for planar lightwave circuits [6,7] have made the
planar polymer technology a prime candidate for meeting the demand for compact, highly
scalable, low-cost optical components. Polymer materials are particularly suited for realizing
integrated thermo-optic components since the absolute value of the thermo-optic coefficient
dn/dT in polymersis an order of magnitude larger than that of glass. Various types of thermo-
optic polymer VOAs, based on Mach-Zehnder [8] or multimode-interferometers [9] or on
digital optical switches[10], have been reported and some are commercially available.

Attenuators based on plasmonic stripe waveguides embedded in polymers [11,12] or
sandwiched between glass and polymer [13], have also been demonstrated. Here, attenuation
occurs by increased absorption in the metal and/or radiation out of the waveguides, caused by
refractive index gradients induced by heating up the waveguide core or by using an adjacent
heater. The devices are based on long-range surface plasmon polariton (LRSPP) stripe
waveguides, dimensioned to minimize propagation loss (PL) and coupling loss (CL) to
standard single-mode fibres [11,13]. A common problem of these devices is their high
insertion loss (6-10 dB) and single-polarization operation.

2. Simulation

In order to compete with existing technologies, a plasmonic VOA must meet the target
specifications of low insertion loss (<=1 dB), high attenuation (>=20 dB), low polarization-
dependent and wavelength-dependent loss over the whole attenuation range, and low power
consumption. Furthermore, response times (limited by heat transfer) should be similar to other
thermo-optic components. We used computer simulations to determine the optimum structure
for a plasmonic attenuator meeting as many of these specifications as possible.

The fact that a metal-dielectric interface only supports a TM-polarized surface wave
means that orthogonal polarizations can only be transmitted if the metallic waveguide is
symmetric with respect to 90° rotation. A simple geometry which fulfils this condition is the
sguare-cross-section nanowire waveguide first suggested by Berini [14]. In contrast to the
plasmonic stripe waveguides that support a long-ranging supermode composed of coupled
modes associated with the top and bottom surfaces of the metal film, the nanowire waveguide
has two degenerate long-ranging modes formed by sug)erpositions of four coupled corner
plasmon polariton modes. These supermodes, denoted E®? and E®? by Jung et al. [15], have
their electric field pointing primarily in the x and y directions, respectively.

Following the approach of Jung et al. [15], we performed finite-element analysis of gold
nanowires embedded in a dielectric cladding. Calculations were performed using COMSOL
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Fig. 1. Calculated magnitude and direction (in the x-y plane) of the electric field of the
y-polarized E®Y mode in the vicinity of the wire, illustrating the high field intensity
close to the corners

Multiphysics® (RF module) to determine the plasmonic modes in our devices. We modelled
the cross-section of gold nanowire waveguides (n=0.52+10.7i, interpolated from the data of
Johnson & Christy [16]) embedded in a 24-pum thick dielectric cladding (n=1.535,
corresponding to our experimental conditions outlined below) bounded by air and silicon
(n=3.48) on the top and bottom, respectively. We used rounded-square cross-sections (5 nm
corner radius) for the wires with a maximum mesh density (<1 nm grid size) at the corners.
Details of the corner rounding have been shown to have minimal effect on the calculation
[15]. It should be emphasized, however, that the finite cladding thickness significantly
influences the mode as the wire gets narrower. Due to the extra confinement, the finite
cladding thickness results in higher propagation loss for a given wire cross-section, compared
to the case of an “infinite’ cladding assumed in previously published work [14,15]. The
magnitude and direction of the electric field of the E®Y mode in a symmetric nanowire is
shown in Fig. 1. At distances larger than a few 100 nm from the surface of the wire, the
electric field is purely y-polarized. The x-polarized E*® mode is obtained simply by 90°
rotation about the z-axis.

Our calculations yielded a maximum achievable mode overlap of 93% (CL=0.3 dB)
between a Gaussian fibre mode and the long-range modes of a square nanowire. For the
particular case of a standard single mode fibre, with amode-field diameter (MFD) of 10.5 pm,
coupled to a gold wire embedded in a 24-um thick BCB polymer, the maximum overlap
occurs for wires with a 240 nm x 240 nm cross-section (1550 nm wavelength). This nanowire
size, however, gives a substantial propagation loss of approximately 8 dB/mm. For a 1-mm
long device, a minimum calculated insertion loss of 4.0 dB is obtained for a 180 nm x 180 nm
cross-section (CL=1.1 dB/coupling, PL=1.7 dB/mm) which we used as a nomina design
parameter in our devices.

In order to achieve optical attenuation, we use the concept of ref. [11], where light is
expelled from the plasmonic waveguide by reducing the refractive index around the
waveguide core. For a metallic waveguide embedded in a polymer (dn/dT < 0), this is simply
done by passing an electrical current through the metal, directly heating the volume around
the waveguide. The device geometry used in the present work isillustrated in Fig. 2.
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Fig. 2. (a) Schematic picture of the device geometry. The plasmonic nanowire
waveguide is divided into short sections connected to common electrodes in order to
increase device yield. (b) A 1-mm long chip containing 12 individual VOAs. Light is
coupled to the device under test through polarization-maintaining optical fibres for
extinction measurements. (c) Optical microscope image of a fully processed device,
showing the layout of electrodes and contact pads.

3. Experiment

Our devices were fabricated as follows: A 100-mm silicon wafer was spin-coated with
adhesion promoter (AP3000, DOW Chemical Co.) followed by a 12-um thick layer of
benzocyclobutene (BCB) polymer (CY CLOTENE 3022-57, DOW Chemica Co.). The BCB
layer was cured in nitrogen amosphere at 210°C for 40 minutes. The wafers were spin-coated
with a 220-nm thick layer of ZEP520 electron beam resist (Zeon Corporation). The resist was
covered with a 15 nm layer of thermally evaporated Al to avoid charge build-up during
exposure and exposed in a JEOL-JBX9300FS electron-beam writer. The aluminium was
removed by wet-etching before developing the resist using ZED-N50 developer (Zeon
Corporation). Gold was deposited by e-beam evaporation to the desired wire thickness,
followed by lift-off in resist remover. The wafer was then coated with a layer of photoresist
(maN-1420, Micro Resist Technology GmbH) for patterning of contacts by UV-lithography.
300-nm thick gold contacts were fabricated using thermal deposition and lift-off in acetone.
Finaly, the wafer was covered with a second layer of BCB and hard-cured in nitrogen
atmosphere at 250°C for 60 minutes. The wafer was diced into individual 1-mm and 2-mm
long components. Contact pads were exposed by localy breaking off the polymer layer
covering the pads. Fabricating electrically conducting millimetre-long, square-symmetric
nanowires is a challenging task, and breaks commonly occur in our fabricated devices. In
order to increase the device yield, we divided the waveguides into 200-um long sections,
individually connected to common electrodes (see Fig. 2). This resulted in an acceptable
device yield, at the cost of increased propagation loss (due to isolation gaps and contact leads)
and variation between individual devices (that might have one or more unheated sections).
Transmission measurements were carried out using a tuneable laser (Tunics Plus, GN
Nettest) coupled to a polarization-maintaining fibre (Nufern PM1550-HP). The fibre was
manually aligned to the plasmonic waveguide for maximum transmission. The signal was
picked up at the output end using standard single mode fibre (Corning SMF-28) or a
polarization maintaining fibre (as above) and measured with a calibrated Ge photodiode or a
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fast InGaAs detector (Thorlabs, Inc.) for response time measurements. For extinction
measurements, index matching liquid was used between the fibre and the sample to improve
the coupling. Polarization dependent loss was measured with the Jones matrix method (using
an Agilent/Hewlett-Packard 8509b Lightwave Polarization Analyzer) as well as by measuring
the insertion loss while scanning the input state of polarization over the full Poincaré sphere.
Mode images for different polarizations were obtained by imaging the output facet of the
devices onto an infrared Vidicon camera (Hamamatsu) using a 0.85 NA 60x objective, while
varying the polarization of the input fibre.

3. Results

Images of the mode output of a fabricated device are shown in Figs. 3(a) and (b), for input
light polarized along the y or the x-direction, respectively. Both modes are close to circular
with very similar mode shapes. In our devices, the x-polarized E*® mode is always associated
with higher insertion loss and more stray light in the cladding, possibly due to a slight
deviation from square symmetry and/or increased scattering by the 500-nm wide contact
leads.

The field intensitOY profiles directly above the nanowire (along the dashed line in Fig. 1),
for the E®? and E*? modes, are shown in Fig. 3(c). The strong field intensity at the corners
of the nanowire waveguide is a property of the surface plasmon polariton wave and cannot be
imaged using free-space optics. In order to compare the measured mode profiles with the
results of the simulation, we must therefore take into account the spatia resolution of our
imaging system. We therefore performed a 2D-convolution of the calculated intensity
distribution (time-averaged power) with a response function corresponding to the spatial
resolution of our imaging system, given by 1.21xx/NA. Horizontal mode profiles were
obtained by integrating the resulting intensity distribution along the y-axis. Experimentally
obtained mode images were similarly integrated for the comparison.

We find that the experimental data is in excellent agreement with the resolution-corrected
simulated profiles. The best fit to the measured data was obtained for a 190 nm x 190 nm wire
which is close to the nominal dimensions of our fabricated structures (180 nm x 180 nm). The
minimum measured insertion loss (5 dB and 8 dB for the E®” mode in 1-mm and 2-mm long
devices, respectively) was higher than expected from simulations (4.1 dB and 6.3 dB,
respectively), presumably due to the combined effects of scattering due to metal roughness,
scattering and absorption by contact leads and loss in the cladding. The insertion loss of a 1-
mm device varied by +1 dB over the tuning range of the laser, covering the C- and L-bands
(1525-1625 nm). The lowest polarization dependent loss (PDL) measured in our 1-mm
devices was 1.2 dB, although typical values were in the 3-6 dB range.

In order to determine the extinction characteristics, we measured the fibre-to-fibre loss of
the attenuators while applying voltage to the electrodes and monitoring the electrical power
dissipated as hesat in the device. The input polarization was fixed at 45° with respect to the x
and y axes while the intensity of x and y-polarized light transmitted through the device was
measured separately using a polarizer in front of the detector. Fig. 4 shows results for three
different devices. As the applied power increases, the transmitted intensity drops for both
polarizations. In some cases, attenuation of over 40 dB was measured (e.g. for the E® mode
in Fig. 4(c)). The response time of the device was measured to be 500 us for heating and 1 ms
for cooling, with a 3-dB decrease in modulation depth occuring at around 5 kHz for a fixed
driving voltage amplitude.

Measurements of the electrica resistance of the nanowire waveguide indicated a
temperature increase in the metal of about 80 K at 30 mW/mm applied power. Finite-element
simulations of heat transfer in our devices yielded the same value and confirmed that at this
level of heating, the real part of the effective refractive index of the long-range plasmonic
modes in a symmetric wire is closely approaching that of unbound modes propagating in the
cladding, increasing substantially the radiative loss from the waveguides.

The PDL over the attenuation range varied substantially between devices. Symmetric
wires may exhibit different PDL at zero applied power (compare Figs. 4(a) and (b)) while the
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Fig. 3. Images of the output facet of a 2-mm long, nominally 180 nm x 180 nm square
nanowire waveguide for (a) y-polarized and (b) x-polarized input light, corresponding to
the E®Y and E*© long-range corner plasmon polariton supermodes, respectively. The red
arrows indicate the direction of the dominating electric field component of the output light.
(c) The field intensity along the dashed line in Fig. 1 for the orthogonally polarized long-
range modes (thin red lines) and the x-profile of the full calculated 2D intensity
distribution of the same calculation, corrected for finite image resolution, integrated along
the y-axis (thick red lines) and normalized in intensity. The experimental points represent
the x-profile of panels aand b, integrated along the y-axis and scaled in absolute intensity.
Restlts for the two modes are nearly identical, except for the increased background level
in case of the x-polarized mode. The simulated data was obtained for a 190 nm x 190 nm
wire, which gave the best fit to the experimental profiles.

relative extinction ratio for each mode can be similar (PDL varying within +2.5 dB over most
of the attenuation range). Sightly asymmetric wires (width > height), however, exhibit large
PDL at higher attenuation, indicating that the x-polarized mode is more easily coupled out of
the wire while the y-polarized mode is more strongly bound. It is clear that achieving
consistently low PDL in this type of attenuator requires fabrication tolerances below 10 nm
for patterning of the metal stripes.

Evidently, our fabricated devices still suffer from too high insertion loss to meet the target
specifications listed above, even with improvements in contact geometry, wire quality and
coupling. Nevertheless, severa strategies can be pursued in order to reach acceptable loss
values. Coupling loss to narrow wires with low propagation loss can be significantly reduced
using large mode area waveguides at the input and output. This, however, would limit the
bending radius of other components and lead to lower integration density. On-chip mode
conversion similarly requires propagation lengths that would counteract the advantages of a
compact attenuator. Engineering the refractive index profile of the cladding, however, might
provide a means of tailoring the mode size while maintaining acceptable propagation loss.
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Fig. 4. The upper panels show fibre-to-fibre insertion loss for three different device
geometries. The input was linearly polarized at 45° with respect to the waveguide axes and
the x and y-polarized output was measured. Insertion loss is plotted relative to the direct
fibre-to-fibre transmission of each polarization direction. The difference between the x and y-
polarized insertion loss is plotted in the lower panels, illustrating the variation between
devices and the high sensitivity to small variations in the cross-sectional geometry. The
maximum driving voltagein all casesis below 3V.

Shorter devices would also reduce the overal insertion loss, reaching approximately 1 dB for
100-pum long wires. The extinction ratio achievable with such devices is yet to be determined.

4. Conclusions

In conclusion, we have demonstrated a nanowire-based plasmonic variable optical attenuator
with a 1-mm footprint, >20 dB extinction ratio, <3V driving voltage and >1 kHz modulation
bandwidth, operating in the 1525-1625 nm wavelength range. The minimum dimensions of
the structures are within the capabilities of current photolithographic techniques and the
device structure is compatible with a planar polymer processing platform. The PDL at high
attenuation was shown to be critically dependent on the square symmetry of the nanowire
waveguide, with a <5% tolerance in the width-to-height ratio of the metal wire.
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Abstract We have investigated the potential of using gold
nanowires embedded in a dielectric cladding environment as
polarization-independent long-range surface plasmon polar-
iton waveguides at telecom wavelengths. We performed
finite-element analysis on various symmetric and close-to-
symmetric cross-sectional geometries and evaluated the
effects of cladding thickness on the propagation and coupling
loss. The calculations confirm that fabrication of polarization-
independent waveguides with reasonable tolerances is feasi-
ble and that straight-waveguide insertion losses around 1.5 dB
for short (0.5 mm) devices can be realized when coupling to
and from conventional dielectric waveguide geometries.

Keywords Surface plasmons - Nanowires - Integrated optics

The field of surface plasmon—polariton (SPP) optics has
attracted considerable interest recently. Passive and active
devices based on surface plasmons have been proposed to
complement conventional dielectric optical circuits [1].
There are mainly two potential advantages that devices
based on SPPs can offer over traditional dielectric technol-
ogies: firstly, since the electromagnetic mode is strongly
bound to the interface between the dielectric and the metal,
a much higher degree of confinement is possible than with
dielectric waveguides. On one hand, this allows for very
compact devices to be designed and fabricated as light can
be compressed to below the diffraction limit and, on the
other hand, very high field intensities can be realized in
relatively small volumes. Secondly, the bound electromag-
netic wave is very sensitive to changes to the refractive
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index of the surrounding medium, making SPPs a prime
candidate for sensing applications [2].

SPP circuits do, however, have several drawbacks when
compared with traditional dielectric waveguides. The
plasmon—polaritons propagating at the interface between a
metal and a dielectric exhibit a high propagation loss due to
the damping effect of the metal. This problem can be
somewhat mitigated by using a thin film of metal (with
thickness on the order of 10 nm) sandwiched between
dielectric layers with equal refractive index [3—6]. In this
case, the SPPs propagating at the upper and lower interface
of the metal film couple and form a long-range surface
plasmon polariton (LRSPP) supermode that is weakly
bound to the metal film, thus reducing the losses. However,
devices based on such waveguides only support modes with
the electric field polarized perpendicular to the metal strip
which is a strong disadvantage in interfacing with conven-
tional fiber-optics. Berini suggested substituting the metal
strip with a metallic nanowire with a symmetric square
cross-section to solve the polarization problem [7] and
propagation of orthogonal linear polarizations in such wires
was recently confirmed experimentally [8]. Unlike the
metallic strip, a wire with a square cross-section can
support long-range supermodes with the electric field
polarized predominantly along the x or y directions
(denoted by Jung et al. [9] as E? and E©V, respectively).
These supermodes are formed by specific superpositions of
four corner-plasmon—polariton modes that propagate along
the edges of the wire.

In this paper, we present simulations of propagation loss
(due to metal absorption) and coupling loss (to standard
single-mode fibers) at 1,550 nm wavelength for straight
nanowire waveguides. The waveguides consist of gold
wires embedded in a polymer cladding. We also calculate
the effects of slight deviations from the symmetrical square
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cross-section (rectangular and trapezoidal waveguides) on
the polarization-dependent loss. Previous simulations of
plasmonic nanowire waveguides in the literature have been
concerned with modeling wires in an infinite cladding
environment [9]. Here, we consider the effects of a finite
cladding thickness on the loss figures and show how a finite
cladding thickness can substantially affect the propagation
and coupling loss. A suitable cladding geometry can thus be
used to reduce the total insertion loss of short nanowire
waveguide devices.

We performed finite-element analysis on plasmonic
waveguides consisting of gold nanowires embedded in a
polymer cladding. Commercially available finite-element
software, COMSOL Multiphysics (RF module) was used
for modeling. The modelled system consisted of a gold
nanowire, characterized by a complex refractive index 7ii=
0.52+10.7i at 1,550 nm wavelength [10] surrounded by
dielectric with n=1.535 (similar to, e.g., [4]), bounded by
air on all sides as shown in the inset of Fig. 1. For
simplicity, we did not take into account the presence of a
substrate. For thin cladding layers, radiation will leak into a
high-index substrate (e.g., silicon) but this can be avoided
by using an intermediate lower-index dielectric layer
between the cladding and the substrate.

We first investigated nanowires with square cross-
section with different side lengths. To avoid unrealistically
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Fig. 1 Coupling loss and propagation loss in symmetric nanowire
waveguides. Calculations for three different cladding thicknesses are
shown. Results are shown for the long-range mode with the electric
field polarized in the y-direction, as indicated in the figure
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Fig. 2 Propagation loss and coupling loss in asymmetric nanowire
waveguides for the y-polarized E" mode (closed symbols) and the x-
polarized E"? mode (closed symbols). The height of the wires is
fixed at #=180 nm

sharp corners, the squares were rounded with a radius of 5 nm.
The literature suggests [9] that a modest rounding of the
corners has a minimal effect on the results of the finite-
element calculations. Propagation loss was determined from
the calculated effective refractive index of the linearly
polarized supermodes, whereas coupling loss was obtained
from the 2-D overlap integral between the LRSPP mode
field and the field from a standard single-mode optical fiber
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Fig. 3 Total insertion loss for different lengths of symmetric nanowire
waveguides (180x 180 nm) when the extent of the dielectric cladding
layer is limited vertically (right panel) and both vertically and
horizontally (left panel)
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(taken as Gaussian, with a mode—field diameter of 10.5 pm).
It should be noted that the maximum overlap between the
fiber mode and the LRSPP mode occurs where the 1/e mode
width measure used in [9] is much smaller than the 1/e mode
size of the fiber due to the high field intensity occurring at
the corners of the metal wire, reflecting the importance of
using suitable measures of plasmon mode size for a
particular application, as pointed out by Oulton et al. [11].

Figure 1 shows the calculated propagation loss and
coupling loss for gold wires with a square cross-section, with
the side length of the square varying between 150 and 210 nm.
Since the polymer layers are not infinitely thick, they provide
an additional confinement for the plasmon mode. Calculations
for infinitely wide dielectric therefore give weaker confine-
ment and lower propagation loss values [7, 9]. The total
thickness of the cladding in our simulations was varied
between 12 and 40 pm, with the wire being sandwiched
halfway through. As expected, similar results are obtained
for both polarizations in the symmetric wire case. It should
be emphasized that the simulation only accounts for
propagation loss due to the damping effect of the metal. A
weakly bound mode with low damping will suffer larger
bending losses as well as increased scattering losses due to
imperfections in the metal wire (roughness) or polymer film.

While the propagation loss increases with the size of the
wire cross-section, the coupling loss decreases, as the overlap
with the fiber mode improves. As noted above, the finite-
thickness cladding also provides additional confinement. For
narrow wires, the increased confinement from a thinner
cladding substantially decreases the coupling loss while
causing only a modest increase in propagation loss for short
devices. In order to minimize the insertion loss for a given
device length, a compromise must therefore be reached,
depending on the geometry of the particular geometry.

In order to determine geometric tolerances for realizing
polarization-independent waveguides, we considered the
case of slightly asymmetrical cross-sections: a rectangle
with the height of 180 nm and widths ranging from 160 to
200 nm (with the same rounded corners as in case of the
symmetrical wires). The results of the simulation are shown
in Fig. 2. It is evident that a 5% asymmetry ([A—w]/h) can
result in substantial polarization-dependent loss. The
coupling and propagation loss values, however, are affected
differently, and the variation is also influenced by the
cladding thickness. Again, the correct compromise based
on the actual device geometry can be used to improve the
tolerance to fabrication errors.

In order to determine the minimum insertion loss for
straight-waveguide sections of different length, we calculated
propagation losses and fiber-to-fiber coupling losses for
different cladding thicknesses as shown in Fig. 3, right panel.
Taking the cladding thickness that gives a minimum insertion
loss for short (0.5-1 mm) devices, we also calculated the

effect of reducing the width of the cladding layer in the
horizontal direction, as shown in Fig. 3, left panel. This
results in a minimum insertion loss close to 1.4 dB for the
0.5 mm device length. We have previously demonstrated
short (1-2 mm) variable optical attenuator (VOA) devices
with high extinction ratio based on electrically heated straight
plasmonic nanowire waveguides [12] and propose that such
devices can be made even shorter in order to realize insertion
losses of around 1-2 dB. Such compact VOA devices could,
e.g., be integrated within a polymer PLC platform.

Finally, we have noted experimentally that metal deposi-
tion of nanostructures with high aspect ratios does not result
in vertical sidewalls. We therefore investigated the effect of a
trapezoidal wire shape on the calculated polarization
dependence of the wires while keeping the cross-sectional
area constant. For modest side wall angles (up to 6°), the
difference in propagation loss for the two linear polarizations
remains small (<0.1 dB/mm) and should not contribute
significantly to PDL in short samples.

In summary, we have modeled plasmonic nanowire
waveguides consisting of gold nanowires embedded in a
dielectric cladding and investigated the effects of the shape
of the wire cross-section and the cladding thickness on the
propagation and coupling loss. The critical dimensions and
geometric tolerances required for realizing zero-PDL long-
range plasmonic waveguides are within the capabilities of
current lithographic techniques. Compact (sub-millimeter)
components utilizing the properties of the metallic wave-
guide could therefore be considered for integration with
conventional dielectric waveguide platforms operating at
telecom wavelengths.
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Abstract We demonstrate the feasibility of fabricating
thermo-optic plasmonic devices for variable optical atten-
uation and/or low-frequency (kHz) signal modulation. Re-
sults of finite-element simulations and experimental char-
acterization of prototype devices indicate that a plasmonic
device can reach specifications similar to or better than com-
mercially available thermo-optic integrated optical compo-
nents. Specifically, we have considered the insertion loss,
power consumption, footprint, polarization-dependent loss,
extinction ratio, and frequency response of the plasmonic
devices, in addition to fabrication and material-related is-
sues. The most serious fabrication challenge is to realize
metallic nanowire waveguides with a sufficiently accurate
cross-section to ensure low polarization-dependent loss at
high extinction ratios.

1 Introduction

Surface plasmon polaritons (SPPs) are often associated with
sub-wavelength confinement of light and a number of pas-
sive and active devices based on guiding of highly confined
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SPPs have been proposed [1]. It is, however, also possi-
ble to use so-called long-range surface plasmon polariton
(LRSPP) waveguides [2—4] with weaker confinement to re-
alize individual optical components that maintain compat-
ibility with current mode-size standards but can, in some
cases, have a significantly smaller footprint than their di-
electric counterparts [5, 6]. Nevertheless, several challenges
have to be overcome in order to compete with glass or
polymer-based integrated optics, mainly those of insertion
loss and polarization dependence. Other factors such as re-
sponse time, power consumption, dynamic range, scalability
and fabrication tolerances also have to be critically assessed.

In the present paper, we address these issues for plas-
monic waveguide devices designed for variable optical
attenuation and/or low-frequency modulation at telecom
wavelengths, using finite-element simulations and experi-
mental characterization.

2 Target specifications

A variable optical attenuator (VOA) attenuates the intensity
of an optical input in a controlled manner. VOAs are impor-
tant components of modern optical networks where they are
used for regulating power levels to protect receivers and pre-
vent saturation, gain flattening in wavelength division mul-
tiplexed networks, dynamic channel equalization in cross-
connected nodes, channel blanking and channel labeling for
network monitoring, etc.

As a reference component, we consider a commercially
available thermo-optic polymer-based integrated variable
optical attenuator supplied by Enablence Technologies Inc.
(previously DuPont Photonics).! According to the manufac-

Uhttp://www.enablence.com/media/pdf/enablence_ivoa_datasheet.pdf.
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y-coordinate [um]

x-coordinate [um]

Fig. 1 The calculated magnitude and direction of the electric field
of the predominantly y-polarized E©D mode propagating along a
180 nm x 180 nm gold wire embedded in a dielectric cladding. The
x-polarized E»?) mode is obtained by 90° rotation

turers datasheet, the packaged device has an off-state inser-
tion loss of 1.3 dB, extinction ratio of 20 dB, response time
of 3 ms, power consumption of 40 mW/channel and PDL
< 0.7 dB over the attenuation range. Although not stated in
the datasheet, it can be assumed that the devices operate on
an interferometric principle, with the actual device length
being around 10 mm [7].

3 Waveguide structure

Polarization-dependent loss (PDL) is one of the key features
of devices in the optical network where polarization gen-
erally changes randomly with time. Components based on
conventional LRSPP waveguides consisting of thin metal
stripes embedded in a homogeneous dielectric environment
only support guiding of light polarized perpendicular to the
stripe surface. Square cross-section nanowire waveguides,
however, were proposed [8] and experimentally verified [9]
to serve as polarization-independent plasmonic waveguides.
A metallic wire with a square cross-section in an uniform di-
electric environment supports long-range supermodes (com-
binations of four corner modes) with the electric field ori-
ented predominantly along the x or y directions, as shown
in Fig. 1. Following Jung et al. [10], we label these modes
E10 and E©@-D, respectively. In practical situations, the di-
electric cladding will have a finite thickness, which may in-
fluence the plasmonic modes as discussed in Sec. 4.
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for both polarizations, so only the ') results are shown. The inset in
the top panel schematically shows the simulated device geometry

4 Insertion loss

Effective mode indices and field distributions were deter-
mined by finite-element analysis” of plasmonic waveguides
consisting of square-symmetric gold nanowires embedded
in a polymer cladding, similar to experimentally fabricated
devices [6]. Modeling was performed using a free-space
wavelength of 1550 nm. The gold nanowire (7 = 0.52 +
10.7i [11]) was surrounded by a dielectric cladding (n =
1.535), bounded by air on all sides as shown in the inset
of Fig. 2. For each nanowire side length, the resulting mode
profile was used to determine the minimum end-fire cou-
pling loss by calculating the overlap with the Gaussian fiber
mode of a single-mode fiber (SMF28) having a mode-field
diameter of 10.5 um.

Propagation loss due to absorption in the metal (neglect-
ing scattering, absorption in the polymer and radiation leak-
age) was derived from the calculated effective mode indices.
The results are shown in Fig. 2 along with the insertion

2Comsol Multiphysics (RF module), http:/www.comsol.com.
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loss (2 x CL + PL x length) of 0.5-, 1- and 2-mm long
straight waveguide components with 20 pm cladding thick-
ness. A minimum coupling loss of 0.31 dB (corresponding
to a mode overlap of 93%) was obtained for a waveguide
having 230-nm side length. However, for this side length,
the propagation loss has an unacceptably large value of
6 dB/mm. For short waveguide sections (0.5-1 mm), the
optimum wire side length is in the range 170-190 nm. Nev-
ertheless, the lowest theoretical insertion loss for a 0.5-mm
device (around 3 dB), still exceeds our target specifications.

In order to further tailor the mode size of the plasmonic
nanowire modes, additional confinement can be provided by
modifying the cladding geometry, as described in detail in
Ref. [12]. For narrow wires in particular, the increased con-
finement from a thinner cladding substantially decreases the
coupling loss while causing only a modest increase in propa-
gation loss. Furthermore, performance can be optimized us-
ing a hybrid dielectric-plasmonic waveguide geometry with
the nanowire embedded in a square dielectric core with a
side length of about 16 pum (in air). This results in a min-
imum insertion loss close to 1.4 dB for a 0.5-mm device
length. More realistically, the hybrid plasmonic-dielectric
waveguide should be embedded in a low-index polymer (e.g.
Cytop or Teflon AF) which will give a slightly different op-
timum dielectric core size.

Previously, short (1-2 mm) VOA devices with high ex-
tinction ratios have been realized [6] and we propose that
such devices can be made even shorter in order to bring in-
sertion losses down to 1-2 dB. It remains to be seen, how-
ever, how the added confinement and reduced length affect
the power consumption and achievable extinction ratio of
the VOA device.

5 Extinction mechanism

The operation of the currently investigated plasmonic VOA
makes use of the negative thermo-optic coefficient of
polymers [13]. By passing electrical current through the
waveguide core, the effective refractive index of the guided
mode is changed due to the temperature-dependent refrac-
tive index of the cladding material. The exact extinction
mechanism, however, has not previously been determined.
By simulating the heat flow in our nanowire devices (see
inset of Fig. 3) and determining the resulting temperature
and refractive index profiles, we followed the change in the
eigenmodes of the structure as heating power was increased.
The temperature dependence of the dielectric function of
gold [14] was also included in the model. As expected, the
long-range modes expand upon heating and become slightly
asymmetric due to the asymmetric cooling conditions above
and below the cladding (here, the presence of a substrate act-
ing as an effective heat sink was taken into account, while

1.5350 Bound E®" plasmon mode 3so

340|
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L 1
0 5 10 15 20 25 30 35

Heating power [mW/mm]

Fig. 3 The real part of the effective index for the E®" mode ver-
sus electrical heating power for a gold nanowire. The grey area cor-
responds to the refractive index of the cladding layer which has a
temperature-induced index gradient. The calculated temperature pro-
file (color) is shown in the inset, corresponding to a heating power of
20 mW/mm

cooling at the top surface was treated as simple heat conduc-
tion to still air). The effective refractive index of the guided
mode drops and eventually crosses into the regime corre-
sponding to freely propagating modes in the cladding which
develops a significant index gradient due to the temperature
profile.

By calculating propagation and coupling losses for an
electrically heated 180 nm x 180 nm wire, we can deter-
mine whether changes in these parameters fully account for
the extinction ratio observed in our VOA devices. The cal-
culation assumes an abrupt (non-adiabatic) coupling to the
heated section which is reasonable since the temperature
gradient along the propagation direction from heated to un-
heated sections of the waveguide only extends over a few
wavelengths. In general, the coupling loss increases with
heating power while propagation loss decreases, as shown
in Fig. 4. The combined effect, however, only amounts to a
4-6 dB extinction at 30 mW/mm heating power for 1-mm
long devices, whereas 1015 dB are observed experimen-
tally in wires with similar dimensions [6] at the correspond-
ing power levels. We therefore conclude that scattering of
plasmons to radiative cladding modes contributes substan-
tially to the extinction. We have shown experimentally that
extinction ratios significantly higher than our target specifi-
cation can be realized, even in devices as short as 1 mm [6].

6 Fabrication issues; symmetry, adhesion layers,
hysteresis

Geometric tolerances for realizing polarization-independent
waveguides were considered in Ref. [12], where it was
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Fig. 4 Effect of heating on coupling loss and propagation loss in
nanowire waveguides. The total insertion loss increases with heating,
but the change is considerably smaller than observed in experiment

found that a small deviation from square symmetry will re-
sult in significantly polarization-dependent propagation and
coupling loss, although the two contributions partially can-
cel out. Simulation results indicate that for 1-mm long de-
vices, the total PDL is < 0.6 dB, for up to +10% asymmetry,
which is within acceptable limits from the fabrication point
of view. Experiments show, however, that the PDL at high
extinction ratios depends much more critically on wire di-
mensions [6]. In order to meet target specifications for PDL
over the whole attenuation range, therefore, asymmetry of
the wires presumably has to be kept below 2%.

Another potential source of polarization dependence is
the presence of a thin adhesion layer, required to avoid de-
lamination of the waveguides from the polymer substrate
during the lift-off process. Adhesion layers were found to
have a substantial impact on the localization of near-field
resonances in bow-tie antennas [15] as well as for fluores-
cence enhancement in plasmonic structures [16], and the se-
lection of adhesion layer materials was shown to be critical.
Due to the high electric field concentration at the corners
of the nanowire waveguide, significant effects can also be
expected on the transmission and polarization dependence
of such waveguides. We have therefore evaluated the effect
of two commonly used adhesion materials, Cr and Ti, on
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the propagation loss and polarization dependence in sym-
metric nanowire waveguides, using finite-element calcula-
tions. Part of the waveguide material was replaced by the
adhesion layer material, keeping the total thickness of the
structure constant. As shown in Fig. 5, the propagation loss
for a 180 nm x 180 nm waveguide increases from below
2 dB/mm for the case with no adhesion layer, to about
3 dB/mm for the y-polarized mode when using a 3-nm layer
of Ti or Cr. The effect, however, is less pronounced for the
x-polarized mode. The PDL can be balanced, therefore, by
using a slightly asymmetric structure (width > height), at
the cost of increased overall insertion loss.

As discussed above, the time response to thermo-optical
modulation of plasmonic nanowire devices generally fol-
lows a simple model: When stepping the heating current, the
power dissipation will change instantly but the waveguide
core temperature will change in accordance with the heat
capacity and thermal resistance to the heat sink (silicon
substrate). Effectively, this is an exponential decay towards
steady-state. The time constant of this thermal time response
is in the sub-millisecond range, as shown in the following
section. However, the BCB polymer also demonstrates a
time-dependent thermo-optical memory effect (hysteresis),
where the refractive index is a function of both present and
past temperature. This effect is observed when bringing a
VOA from the off-state up to a high-extinction state and then
back (Fig. 6). The magnitude of the effect grows with the
maximum temperature and the time constant of relaxation,
back to the original starting point, is of the order of several
hours. The plasmonic VOA functionality relies on having
a negative thermo-optic coefficient. Many optical polymers
are available for realizing plasmonic VOA’s, and proper care
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Fig. 6 Measured thermo-optical memory effect in BCB polymer.
A plasmonic VOA heated to achieve >30 dB extinction exhibits a
slowly reversible refractive index change when returned to the off-state

must be taken when selecting cladding materials to ensure
proper thermal characteristics, stability, etc.

In general, the structural quality of the metallic wave-
guides is of central importance for ensuring low polarization
dependence, low scattering loss, and long lifetime (limited
by electromigration effects, which will be the subject of a
separate publication).

7 Response time

As with other thermo-optic components, the time response
of the plasmonic VOA device discussed here is limited by
heat transfer. We performed simulations of thermal tran-
sients upon switching the device from the on-state to the
off-state. Results were compared with measurements of the
modulation of the optical signal as a function of frequency
for a fixed-amplitude square-wave driving signal. Calcula-
tions show 1-2 ms heat transients which agrees well with
the observed modulation roll-off at around 1 kHz, see Fig. 7.
Small-signal modulation up to 100 kHz is possible at re-
duced output power, making the device suitable for, e.g.,
low-frequency pilot-tone generation (for channel labeling).
Improved heat conduction from the core, e.g. through re-
duction of cladding thickness, will increase the bandwidth
of the device but the power consumption for full mod-
ulation will simultaneously increase. The optimum trade-
off will depend on the particular application of the de-
vice.

8 Conclusions

In summary, we have shown that plasmonics can play a
role in integrated optics outside the nanophotonic regime,
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Fig.7 Measured frequency response of the plasmonic nanowire atten-
uator/modulator for a fixed driving voltage amplitude (2 V). The inset
shows the simulated temperature transients in the vicinity of the wire
for a 0.5 kHz modulation, with the extent of the y-axis corresponding
to full modulation

by providing an efficient method of thermo-optic control
of guided signals. To be fully competitive with existing
technologies, however, the main fabrication challenge lies
in highly accurate patterning of metallic nanostructures.
With the current rapid improvements in nanoscale fabrica-
tion techniques and the importance of high-quality metallic
nanostructures for plasmonics in general, these challenges
might well be overcome in the near future.
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Abstract: We investigate dielectric-loaded surface plasmon-polariton waveguides
(DLSPPWs) fabricated by two-photon polymerization direct laser writing and nanoimprinting
at the telecom wavelength of 1550 nm. We examine several types of structures such as
lines and bends as individual plasmonic components. Racetrack resonators are presented
as a potential application of this technology. These plasmonic components can be inves-
tigated at 1550-nm wavelength by leakage radiation microscopy using an InGaAs camera.
The experimentally observed behavior of these components in a leakage radiation micro-
scope matches the theoretical expectations. The results demonstrate the practical feasibility
of laser-fabricated DLSPPW components at telecom wavelength.

Index Terms: Plasmonics, DLSPPW, two-photon polymerization.

1. Introduction

Future increases of speed and efficiency in the area of information technology require a shift from
electronic to photonic components and their miniaturization. Such a route of technological devel-
opment demands new materials with the capability to guide optical signals at dimensions shorter
than the wavelength, below the diffraction limit. Within the field of nanophotonics, plasmonics, and,
in particular, plasmonic waveguides offer such a route.

Surface plasmon-polaritons (SPPs) are collective oscillations of surface electrons in a metal
coupled to light at the metal—dielectric interface [1], along which they can propagate and along which
they are highly confined [2]. Components utilizing propagating SPPs have been proposed for per-
forming a variety of functions, such as highly sensitive sensing [3], but are particularly promising in
the area of information technology to provide a link between electronics and integrated optics [4], [5].
Several technologies have been proposed for plasmonic waveguides, including metal strips em-
bedded in a dielectric also known as long-range plasmons [6], the opposite configuration—dielectric
stripes embedded in metal [7], and nanowires [8]. Another approach is that of dielectric-loaded
surface plasmon-polariton waveguides (DLSPPWSs), which is generating growing interest and
attention [9]-[15].

We present DLSPPW structures fabricated by two-photon polymerization (2PP) direct laser
writing technology and nanoimprinting using molds from masters made by the aforementioned
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InGaAs NIR 100x 1.4 NA 40x 0.63 NA 1550 nm
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Fig. 1. Schematic image of the leakage radiation microscopy setup. An additional lens can be inserted
just in front of the camera for Fourier plane imaging.

method. The structures are analyzed by leakage radiation microscopy at the 1550-nm telecom-
munications wavelength.

Two-photon polymerization has already been shown to be a highly flexible, versatile, and efficient
tool in making DLSPPW structures [16]-[18]. The greatest advantage of this technique compared
to, for example, UV mask lithography, is the fact that it is suitable as a rapid prototyping technique of
DLSPPW structures, where new designs can be rapidly and cheaply produced. Nanoimprinting
large numbers of structures in parallel has been used for the fabrication of plasmonic waveguides in
general [4] and has also been demonstrated to work for DLSPPW structures [19].

2. Structure Fabrication

Using the 2PP method, the structures are directly written in a UV-curable photoresist on a glass
substrate covered with a 50-nm gold layer. The photoresist is the spincoatable mr-NIL 6000.3 made
by the company microresist in Berlin, Germany. The gold layer must be thick enough to support
SPPs with reasonable propagation length, and at the same time, it must be thin enough to allow for
sufficient leakage radiation to obtain useful measurement data. Fifty nanometers has proved to be
the optimum thickness for fulfilling both requirements. After development, the DLSPPW structures
consist of ridges of 500-600-nm width and 500-nm height. This geometry has been shown to be a
single-mode plasmonic waveguide at 1550 nm [20], [21].

While the 2PP process is fast and highly flexible, it is a serial process not well adapted for mass-
production of plasmonic components. Therefore, we consider it important to show that
nanoimprinting (a parallel process) is also a suitable fabrication method. Here, master structures
are fabricated on glass and used to make a PDMS mold, which in turn is used to imprint structures
using the same photoresist as above onto a new glass substrate also covered with a 50-nm gold
layer. The entire procedure is given in more detail in source [19].

3. Experimental Setup

For the characterization of the DLSPPW, leakage radiation microscopy is applied. This method has
been demonstrated at visible wavelengths [19], [22]. Here, we use the same method at telecom
wavelength wavelengths to demonstrate its applicability to the near-infrared regime.

As our primary light source we use a fiber laser emitting at 1550 nm. After collimation, the light is
focused by a 40 x 0.63 NA objective onto the structures. To collect the leakage radiation it is
necessary to use a high-NA objective due to the shallow emission angle. We use a 100 x 1.4 NA
objective with oil immersion. The light is then focused onto a Hamamatsu InGaAs camera, which is
highly sensitive in this spectral range. The camera is used to image both the direct image plane, as
well as the Fourier plane by adding an additional lens. A schematic of the setup is shown in Fig. 1.

4. Leakage Radiation Microscopy Results and Interpretation

We show DLSPPW mode propagation on several different samples and different DLSPPW
geometries. First, we will consider straight waveguides of 50-100 xm length with funnels attached
on one end to aid excitation of the DLSPPW mode. The funnels have a base width of 10 um and are
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DLSPPW mode

l

Fig. 2. Leakage radiation microscope images of a line waveguide with funnel, being excited at the
funnel end by TE and TM polarized light, respectively. As can be seen in (a), the waveguide cannot
support an optical TE mode but only a plasmonic TM mode. The Fourier plane image of the TM mode is
shown in (b).
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Fig. 3. Plot of the leakage radiation measured inside a line waveguide which is a direct indication of
radiation intensity. An exponential fit is also shown.

25 um long. We excite the DLSPPW mode in all our structures by focusing our laser beam on the
edge of the funnel base. The resulting SPPs are viewed by leakage radiation microscopy. Fig. 2
illustrates the fact that the DLSPPW structures can only support plasmonic TM modes and not
optical TE modes. While the waveguide is brightly illuminated in TM mode, showing strong
evidence of leakage radiation from a plasmonic mode, it is completely dark when polarization is
switched to TE. The Fourier plane image is also shown in Fig. 2. By taking into account that the
innermost circle of the image corresponds to our objective’s NA of 0.63, we can calculate the real
part of the effective index of our DLSPPW structure simply by measuring the distance of the mode
from the center of the circle. We measure an effective index of Re(nes) = 1.13 +0.01. This low
value is due to the refractive index n = 1.29 of the polymer.

The intensity of the DLSPPW mode inside the waveguide is measured using the leakage radia-
tion, which is fitted to an exponential curve to extract the propagation length L. That this is a
reasonable method and provides a good match can be seen in Fig. 3, where such a fit curve is
superimposed on the experimental results. The waveguides are clearly single mode, an improve-
ment over the multimode waveguides published previously [14]. An analysis of the decay rate of the
DLSPPW mode in several straight waveguides (line waveguides) with funnels, combined with the
effective index ner = 1.13, gives us an average propagation length of Ly =204 1 um. This
shows some improvement compared with figures previously published using similar structures
fabricated by UV mask lithography [23].

Additionally, we have a nanoimprinted version of the line waveguide. Fig. 4 shows a DLSPPW
mode propagating inside a nanoimprinted line waveguide. Analysis of the mode decay rate in these
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Fig. 4. (a) Leakage radiation microscopy image showing a nanoimprinted line waveguide with
incoupling funnel. (b) The Fourier plane image of the same line.

Fig. 5. (a) Leakage radiation microscope images of three bends with different curve radius. Descending
from top to bottom, the curve radius is 2, 3 and 4 :m. The three images were taken separately and then
merged. (b) SEM image of the structures. (c) A schematic drawing of the structures.

TABLE 1
Transmission results for bend DLSPPW structures

bend radius (zm) | transmission
2

3 0.26
4 0.31

nanoimprinted waveguides reveals an effective index neg = 1.11 and a propagation length of
Lprop = 7.6 0.3 um. These results are in the same range as previous results from nanoimprinted
waveguides examined at 632-nm wavelength [19], but in contrast to the previous waveguides, these
are single mode. There is a significant difference in the value of the propagation length when we
compare the nanoimprinted and the directly written case. The explanation for this is the presence of
a thin residual layer of polymer covering the sample surface in the nanoimprinted case, which leads
to increased scattering, and the inclusion of dust particles in the nanoimprinting process, which
leads to increased roughness and minor distortions of the structures. Both of these aspects could
be improved by using more advanced equipment in a cleanroom environment.

To realize fully the potentials of DLSPPW structures for proposed miniature photonic-plasmonic
hybrid circuits [24], curved waveguides are necessary. In fact, the minimal bend radius with
tolerable signal losses defines the level of miniaturization that is obtainable; therefore, the inves-
tigation of bended DLSPPWs is a prerequisite for more complicated components. A series of 90° bends
fabricated directly on gold by 2PP was investigated. We find that for bend radii of 2, 3 and 4 um, the
DLSPPW mode is guided through the bend, albeit with some scattering out of the waveguide. An
image of the bends is shown in Fig. 5. An SEM image showing the design of the entire structure is also
shown. The bend structure is designed to ease fabrication and characterization by providing a
compact structure with a common baseline.

Transmission measurements were performed using the leakage radiation. The starting and
ending points of the waveguide bend itself were taken as reference points for each waveguide,
without regard to the incoupling waveguides. The results, which are listed in Table 1), show that
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Fig. 6. EIM calculation of the accumulated phase difference (A = 1550 nm) throughout the racetrack
resonator as a function of the center-to-center separation of the (500-nm-wide and 600-nm-tall) wave-
guide ridges in the parallel section (S = 500 nm corresponds to the absence of gap). The accumulated
phase is plotted in units of = for different lengths of the parallel section ranging from L; = 0 um (ring
resonator) to L; = 4 um. The waveguide parameters are adapted from [26].

waveguides with larger bend radii are more efficient at guiding the DLSPPW mode around a corner
due to the reduction in bend scattering losses.

A more-complex DLSPPW component is a racetrack resonator. These resonators consist of a
racetrack-shaped line in close proximity to a straight-line waveguide. In our investigations, the gap
between racetrack and line was 500 nm. The DLSPPW mode can couple from the line waveguide in
which it is launched to the racetrack resonator. Depending on wavelength or resonator length, the
radiation inside the racetrack will be either in phase or out of phase with the mode in the line
waveguide, which will lead to constructive or destructive interference. As such, these racetrack
resonators can act as resonant filters for a variable-frequency signal. Ring-shaped DLSPPW reso-
nators fabricated by UV lithography have already been shown to work in very similar fashion with
variable laser frequency [25].

Racetrack resonators differ from ring resonators in that they have a straight interaction section
which runs parallel with the waveguide, thus elongating the interaction region. This implies that one
can increase the waveguide-resonator separation for a desired coupling ratio to the resonator, thus
relaxing the requirements on the resolution in the fabrication. This feature is demonstrated by
calculating the accumulated phase difference throughout the whole racetrack resonator (see Fig. 6),
using effective index method (EIM) calculations and the supermode approach, which has previously
proven accurate for describing the coupling between two adjacent DLSPPWs [26].

In plasmonic resonators, one usually requires ca. 50% coupling to the resonator [25] in order to
obtain critical coupling, which translates into an accumulated phase difference of 7/2. For a ring
resonator, this can be achieved with a center-to-center separation of Sy = 770 nm, implying a gap
of only 270 nm, whereas a racetrack resonator with a parallel section of 3 um, increases this gap to
500 nm, as shown in Fig. 6. Such an increase is in many fabrication techniques crucial in order to
realize well-resolved structures, thus making the racetrack resonator a promising structure in
plasmonics.

An example of racetrack resonators, fabricated directly on gold by 2PP, in operation is shown in
Fig. 7, where two slightly different racetrack resonators are shown. The long waveguide (at the top
in the image) shows constructive interference in the output waveguide. The difference in length of
the racetrack resonators in the two pictures is 2 um. To translate this into effective wavelengths, we
must first calculate the value of the effective wavelength in the waveguide using the effective index
nett = 1.13, which gives us A\ = 1.3717 um. If we then divide the length difference by this value,
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Fig. 7. (a) Leakage radiation microscope images of two racetrack resonator structures. The length
difference between the two racetracks is 2 pm, which amounts to a nearly 180° phase difference,
resulting in destructive interference at the waveguide output in the case of the shorter racetrack
resonator. The damping is in excess of 16 dB. (b) SEM image of the structures. (c) A schematic drawing

of the structures.
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Fig. 8. Plot of the leakage radiation intensity inside the semi-circular bend of a racetrack waveguide.
An exponential fit is also shown.

we get a difference of 1.46 wavelengths. Consequently, the phase change is nearly 180°, leading to
an expectation of a high suppression of output in the case of the shorter resonator, which is
precisely what we see in the experimental results. However, the racetrack resonator and
subsequent interference is not the main cause of this result. The measured propagation length for
the 5 um semi-circular bend is Ly, =4.92 40,72 um, indicating some scattering out of the
waveguide, which is also visible in the image. A plot of the intensity inside the bend and a
superimposed exponential fit is shown in Fig. 8.

When we now consider the total length of the racetrack resonator, it becomes clear that the signal
inside the racetrack becomes too weak to interfere significantly with the signal inside the line
waveguide. The results stem from the fact that in the case of a 3-um interaction length, the phase
difference along this stretch is close to 27, which means that the mode couples to the racetrack and
back again. In the case of the shorter interaction length, the mode couples only to the racetrack and
is diverted away. The large coupling is due to the low mode effective index of 1.13 and the
corresponding low mode confinement.

5. Conclusion

In conclusion, we have demonstrated DLSPPW mode guiding by leakage radiation microscopy in
laser-fabricated and nanoimprinted DLSPPW structures at the 1550-nm telecommunication wave-
length. We presented DLSPPW racetrack resonators as a potential application of this technology in
the form of resonant filters. The racetrack resonators show large coupling to the resonator. Due to
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the low mode confinement, the coupling is much larger than anticipated, and due to the low
propagation length, the fabricated structures do not operate as designed, but this can be remedied
by increasing the mode effective index by using different waveguide materials in the future.
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